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THE MAGNITUDE OF THE K-ABSORPTION DISCONTINUITY 


By F. K. RICHTMYER* 


ABSTRACT 


Mass absorption coefficients for wave-lengths on both sides of the K limit. 
(1) Experimental results for six metals. Using a water cooled Mo tube, ab- 
sorption measurements were made for.a sufficient range of wave-lengths in 
each case to determine the constants in the equations for the mass absorption 
coefficients above and below the K absorption discontinuity. ux/p=Kxd' 
+o/p; u./p=Kxd\*+oa/p, in which o/p is the scattering coefficient, with a 
value of 1 or less. \ is in angstrom units. 7, is the atomic absorption coefficient 
at the K limit, corrected for scattering. 

Mo(42) Se Sn(50) W(74) Au(79) Pb(82) 


kxk= 375 595 1870 2230 2570 

ky= 50 70 90 330 395 476 
kx/RL= (ie 7.8 6.6 D0) 5.65 5.40 
7,(10~74) = 5 T 11.0 8.90 3.19 251 Zeid 


(2) Comparison with theories. (kx/kxt—1) is the ratio of the number of photo- 
electrons originating in the K and L levels for x-rays just shorter than the K 
limit. It is shown that the theories of Thomson, of Compton, and of de Broglie 
lead to the same values of kx/k1t, which increase with decreasing atomic num- 
ber in agreement with experiment except that they are about twice too large. 
Kramers’ formula gives a value which does not vary with N and which agrees 
well with the experimental values for Mo to Pb, but it applies only to a single 
electron around the nucleus. A formula modified by use of Bohr’s theory of 
energy levels to remove this restriction gives values nearly three times too large. 
No present theory, then, is supported by these experimental results. 


INTRODUCTION 


EVERAL attempts!”* have been made to obtain, on theoretical 


grounds, the equation 
Ta=CN'*d3 (1) 

which has been found by experiment to represent the relation between 
the atomic fluorescent absorption coefficient 7, for x-rays of wave-length 
\ absorbed by a substance of atomic number NV. C is a constant for all 

* This work has been made possible by a grant to the writer, from the Heckscher 
Research Council of Cornell University. 

1J. J. Thomson, Conduction of Electricity through Gases, 2d. Ed., p. 321. 

2L. de Broglie, Journ. de Phys. et Rad. 3, 33 (1922). 


3 A. H. Compton, Nat. Res. Council, Bul. 20, 37 (1922). 
4H. A. Kramers, Phil. Mag. 46, 836 (1923). 
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elements on the short wave-length side of the K absorption limit, and has 
a numerical value® of 22.410-?’, \ being expressed in angstrom units. 
At the K limit the value of C decreases abruptly. If we put 


HOR eS 


eecee 


where Cx,1.., is the value of Con the short wave-length side of the K limit 
and C,... that on the long wave-length side, then the ratio Rt of the 
two values of C depends on the atomic number of the absorber, being less 
for elements of higher atomic number. For example, for elements in the 
neighborhood of Ag Re is about 8. For elements in the neighborhood 
of Ptatistaboutss os 

The several theoretical formulas above referred to, although obtained 
on the basis of widely different considerations, agree with experiments 
in assigning 4 and 3 as the exponents of NV and ) respectively in Eq. (1). 
There is a disagreement, however, with experiment, in respect to not only 
the magnitude of Re but also its variation with atomic number. The 
extent to which any theoretical formula agrees with experiment in pre- 
dicting the correct value of Ree is therefore a more discriminating test 
of the correctness of the formula than are the coefficient of NV and X. 

A knowledge of the precise value of Rt is of prime importance in 
connection with further extensions of our present very incomplete 
“picture” of the interaction between radiation and matter. So far as it 
goes this picture is quite precise with regard to the sequence of the main 
events in the (fluorescent) absorption of x-rays. Thus, if a monochromatic 
x-ray beam of frequency v and of quantum energy hy strikes an absorber 
the frequency of whose K absorption limit vg is less than »v, the first 
process is the photo-electric expulsion of electrons from the several elec- 
tron levels® in the atom according to the well known equation 


hyv=W+hyrx,umM...- (3) 


where /Avg,i.m... represents in turn the work necessary to remove electrons 
from the K, L, M ... levels respectively and W is the residual kinetic 
energy of the photo-electron originating in the K, L, M... level. The 
vacant place in the atom is then filled by an electron from an outside 
level, or from infinity, and the K, L, M... fluorescent radiation results. 
It is to be remembered, however, that, irrespective either of what ulti- 
mately becomes of the energy given to the electron or whether a K, L or 
M electron is expelled, each photo-electron removes from the incident beam 
® F. K. Richtmyer and F. W. Warburton, Phys. Rev. 22, 539 (1923). 


6 See, for example, the beautiful experiments of Robinson, Proc. Roy. Soc. 104, 455 
(Nov. 1923). 
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an amount of energy hv. By dividing by hy the total amount of energy 
removed by the absorber in this fluorescent process, the total number of 
photo-electrons produced under given conditions, may be obtained. We 
have at present no way of measuring with acceptable precision the actual 
magnitude of this absorbed energy, but by comparing the fluorescent 
absorption coefficient on the short wave-length side of the K absorption 
limit with that on the long wave-length side, it is possible to get the ratio 
of the total number of (K+L+M .. .) photo-electrons to the total num- 
ber of (L+M...) photo-electrons. Thus 

x total number of K+L+M-4 ... photo-electrons 


+ total number of L+M-+... photo-electrons 


(4) 


De 


Fig. 1. Variation of the atomic absorption coefficient with the cube of the wave-length. 


This relation is shown graphically in Fig. 1, which represents diagram- 
matically,’ to approximate scale, the linear relation between the atomic 
absorption coefficient uz and the cube of the wave-length on both sides 
of the absorption limit. Thus, if radiation of wave-length \i<Ax falls 
on the absorber, we may regard the atomic absorption coefficient at that 
wave-length as being made up of several parts: (1) a part rx due to the 
energy removed from the beam by the expulsion of K photo-electrons; 
(2) a part 7,4m4.., due to the expulsion of L+M-+-. . . photo-electrons; 
and (3) a part o, due to the energy removed by scattering. Although a. 
and its variation with wave-length are of very great theoretical signifi- 


7™F. K. Richtmyer, loe. cit. 10, p. 27. 
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cance, it is responsible for only a small proportion of the energy removed 
from the incident beam, especially in those elements and for those wave- 
lengths for which Re is known. Hence to a first approximation o, may 
be considered as constant and equal to the intercept on the p, axis, of the 
absorption curves on both sides of the K limit. Accordingly it is obvious 
that the ratio 


(rxtriimy---)/(rupmy +.) = RE (5) 


gives the relative number of the several “‘kinds” of photo-electrons, and 
hence the relative probabilities of the expulsion of electrons from the 
several energy levels within the atom. It is this probability which has 
been computed by the several writers’”** and which it is desired to com- 
pare with experiment. 


DATA ON THE K_ DISCONTINUITY 


The experimental data on the magnitude of the K absorption dis- 
continuity are very meager. Discarding, as of comparatively little value, 
the measurements with heterogeneous radiation, there are collected in 
columns 3, 4, and 5 of Table I data obtained by use of monochromatic 
radiation by Wingardh,® Allen,® and the writer.!®° At the December 1923 
meeting of the American Physical Society, Mr. F. W. Warburton" in 
collaboration with the writer presented, in brief form, some data on the 
K discontinuities for several elements. The data were not regarded as 
very satisfactory, and publication of the results in full was delayed until 
further measurements could be made. Other investigations have pre- 


TABLE I 
Values of Rf 
Element Atomic = |——————— —— — — — — — — — — — — — — — — — 
Number Wingardh® Allen® Richtmyer” Richtmyer and 
Warburton"! 

Mo 42 ey i (irs 
Ag 47 8 .0* ae be ‘es 7.8 
Sn 50 8 .9F 6.6 
W 74 6.0 5.65 
rE 78 a3 
Au 79 5.0 5.65 
Pb 82 4.5 5.40 
Bi 83 4.4 


* Computed from data given in reference. 
+ Computed by combining data given by Allen (loc. cit.®), with data given by Bragg 
and Pierce (Phil. Mag. 28, 626, 1914). 


8K. A. Wingardh, Dissertation, Lund (1923). 

9S. J. M. Allen, Phys. Rev. 24, 1 (July 1924). 

10F. K. Richtmyer, Phys. Rev. 18, 13 (July 1921). 

1, W. Warburton and F. K. Richtmyer, Phys. Rev. 23, 291 (Feb. 1924). 
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vented further progress on the work; so in this paper are presented the 
data of Warburton and Richtmyer, with some minor corrections. 


MoLyB8 DENUM 
1.8=375X’ 


aH: 500+! 


Fig. 2. Variation of the mass absorption coefficient of molybdenum 
with the cube of the wave-length. 


The method of measuring coefficients of absorption of x-rays is too well 
known to require comment. The apparatus used for the present investiga- 
tion has been previously described.” For obtaining sufficient energy at 


Fig. 3. Variation of the mass absorption coefficient of silver with the 
cube of the wave-length. 


the longer wave-lengths herein reported, a water-cooled molybdenum 
tube was used. The writer is indebted to Dr. W. D. Collidge of the Gen- 
eral Electric Company, for the use of this tube. 


2 F, K. Richtmyer and F. W. Warburton, Phys. Rev. 22, 539 (1923). 
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Observations were made through the K absorption limits of Mo, Ag, 
Sn, W, Au, and Pb. The data are shown in graphical form in Figs. 2-7, 


TIN 
z. Be 515 X41 
2H= IX 
hisses 


Fig. 4. Variation of the mass absorption coefficient of tin with the 
cube of the wave-length. 


in which the mass absorption coefficients for the several elements are 
plotted as functions of the cube of-the wave-length. In these graphs the 


TuNcsTEN 


21870 24 


Pee 


Fig. 5. Variation of the mass absorption coefficient of tungsten with 
the cube of the wave-length. 


K absorption discontinuity is represented by a vertical line, since, as has 
been recently shown by the writer, the K discontinuity for silver shows 
no measurable structure and is sharp to at least .0001A. Since, to.a very 


FE. K. Richtmyer, Phys. Rev. 26, 724 (Dec. 1925). 


MAGNITUDE OF THE K-ABSORPTION DISCONTINUITY 


ne 
ip 


Fig. 6. Variation of the mass absorption coefficient of gold with the 
cube of the wave-length. 


~ 


— 


SOF 


Fig. 7. Variation of the mass absorption coefficient of lead with the 
cube of the wave-length. 
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close approximation at least, the graphs, both above and below the K 
limit are straight lines, and have nearly, if not quite, identical intercepts 
on the w/p axis, it is obvious that the values of Rt are given by the ratios 
of the slope of the graph on the’short wave-length side of the limit to that 
on the long wave-length side. These slopes are collected in columns 2 
and 3 of Table II, the values kx and ky being the values in the equations 


ux/p = kxd8+0/p (6) 
p1/p=kiM+o/p (7) 
SW:in ome 


The values of kx and k: are the slopes of the curves in figs. 2-7; (u/p) max is the maxi- 
mum value reached by /p just at the short wave-length side of the K limit; (7/p)max is 
obtained by subtracting from (u/p)max the intercept on the p/p axis; gives the number 


of atoms per gram; (7a)max is obtained by dividing (7/p)max by n; R* is the ratio kx/ht. 


Element kx Rem A / 0) max ap ane n (ra) max ee 

Mo 42 375 50 85.0 84.0 6.31102 13.3107% 7.5 
Ag 47 545 70 63.0 62.0 5.61 11.0 7.8 
Snieeu 595 90 46.5 ASO ee Bl 8.90 6.6 
W 74 1870 330 £133 10.5 3.29 3.19 S20 
Aw 79 2230 395 8.8 139 3207 25a 5265 
Pb: 82 2570 476 ia: 6.9 2.91 a2 Sr 5.4 


ux and kx refer to the short wave-length side of the limit; wz and ky to 
the long wave-length side. From what has been said before it is evident 
that the ratio Re is given by 


Re=kx/kt 


These ratios are tabulated in column 8 of Table II and also for comparison 
with results of others, in column 6 of Table I. 

A glance at Table I makes it obvious that the data warrant only the 
general conclusions that there is agreement on the order of magnitude 
of the discontinuity and that the values of Rt range from around 5.5* 
for the heavier elements to 7.5 or 8 for elements in the neighborhood of 
silver. 


* A careful examination of Allen’s data makes it seem probable that the values given 
by him for the heavier elements are too low. This statement is based on the circum- 
stance that, beginning with tungsten, Allen’s values of u/p on the short wave-length 
side of the K limit decrease, at any given wave-length, with increasing atomic number, 
a result quite in opposition to data obtained by other investigators. Allen’s curves 
reveal the fact that the apparent width of his K discontinuities from silver to lead, is the 
same for each element and is equal to approximately .02A. This defines his slit width, 
since the writer has shown” that for the K limit of the heavier elements, the apparent 
width of the discontinuity is due entirely to the finite width of slits. One suspects, there- 
fore, that with a rather wide slit, when working near the absorption limit, there may 
have been a sufficient admixture of scattered radiation from the long wave-length side 
of the limit to reduce appreciably the observed mass absorption coefficient. 
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DISCUSSION OF RESULTS 


There are several points of passing interest, in connection with these 
results, which it may be not inappropriate to mention in order to call 
attention to the relative magnitude of the several discontinuities. 

Fig. 8 shows to scale, each at the wave-length of its K absorption limit, 
the relative magnitudes of the K discontinuities for each of the six ele- 
ments investigated. Here 7, is the fluorescent atomic absorption coeffi- 
cient* after making the rather unsatisfactory correction for scattering. 
It is to be noted that the absolute magnitude of the discontinuity increases 
rapidly with decreasing atomic number. That is, molybdenum, just at 


Fig. 8. Showing to scale the relative magnitudes of the K absorption discontinuities 
for the six elements investigated. 

the short wave-length side of its absorption limit is a much better absorber 

than is lead at the short wave-length side of its limit. 

This result is of course to be anticipated from the well known laws 
of absorption, combined with Moseley’s law, which, for the K absorp- 
tion limit may be written in the form 

Ack=c'/(N—6)? 
where JN is the atomic number, and 0 and c’ are constants. If this value 
of Ax be introduced into Eq. (1) there results 
=¢!’ N4/(N—b)6 (8) 


Tmax 

* If the observed values of the mass absorption coefficient u/p be corrected by sub- 

tracting the value of the mass scattering coefficient ¢/p, as determined by the intercept 

on the »/p axis in Figs. 2-7, one obtains +/p the fluorescent mass absorption coefficient. 

Thus u/p=r/p+oa/p. If the values of 7/p be divided by the number of atoms per gram in 

each case, one obtains 7,, the atomic fluorescent absorption coefficient. And as explained 
above rg=TK +7. +7+.... 
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where Tmax is the maximum value of the atomic absorption coefficient 
just at the short wave-length side of the K limit, and c’’ is another con- 
stant, the assumption being made, of course, that Eq. (1) holds rigorously 
up to the K limit. If 6 be neglected in comparison with J, it follows that 
the maximum value of the atomic fluorescent absorption coefficient just 
at the short wave-length side of the K limit should be proportional to V-’. 
A convenient check on Eq. (8) is the determination of 0. This can be 
readily done by putting the equation in the form 


(c'N4/r,,,,) 6=N—b (9) 


and plotting a graph between (N4/tmax)” and N.* This graph is shown 
in Fig. 9, from which it is seen that the value of b which best agrees with 
these data is about 7.5, much larger than the accepted value of b in Mose- . 
ley’s equation. The data are not sufficiently precise to determine whether 


Fig. 9. Graphical determination of b in the term (N—d) of Eq. (8). 


this large value of b is due to experimental error, or whether it is due to the 
fact that Eq. (1), as is well known, is only a close approximation to the 
true formula. 


COMPARISON WITH THEORY 


The experimental values of Re as a function of N are shown by the 
circles in Fig. 10. The points plotted for molybdenum and silver are the 
average of those given in Table I. The remaining points are those given 
in the last column of Table I. While it is obvious that the data do not 
warrant an attempt to ascertain an empirical relation between Ee and 
N, nevertheless they are sufficient to serve as a check, even though a rough 
one, on the several theories proposed. 

Thomson’s theory. This well known theory was proposed by Thomson 
at least as early as 1903. It is based on the assumption that the electron 


* Values of (N*/tTmax)” were computed from the data given in columns 1, 4, 5, 6 and 
7 of Table II, \ being expressed in angstroms. 
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is bound to a fixed position in the atom by simple harmonic forces. The 
displacement of the electron from this equilibrium position is then com- 
puted when a pair of rectangular but oppositely directed pulses, each of 
thickness d, passes over the electron. The potential energy stored up in 
this displacement is extracted from the pair of pulses and is emitted as 
fluorescent energy of wave-length \, after the pulse has passed. This 
leads to the following absorption coefficient per electron, 7,, for a single 
pair of pulses 


(10) 


Fig. 10. Variation of the absorption discontinuity with atomic number. Curve A: 
Kramers’ theory as modified by Eq. (26). Curve B: Theories of Thomson (Eq. (13)), of 
Compton (Eq. (15)), and of de Broglie (Eq. (21)). Curve C: Kramers’ original theory 
(Eq. (24)). The circles represent actual observations. 


or if we identify d with \/2, where ) is the wave-length of the incident 
x-rays, we have 


A eS OD (11) 


It is interesting to point out that on Thomson’s theory the term ad’, or 
in more modern terms }’, is obtained by the following steps. (1) The 
electron experiences a uniform acceleration for a time which is propor- 
tional to d and is therefore displaced through a distance proportional 
to d?. (2) The potential energy stored up against return forces is pro- 
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portional to d!; but the incident energy must be proportional to d. 
(3) The absorption coefficient, which is the ratio of absorbed to incident 
energy, is therefore proportional to:d?. The atomic absorption coefficient 
ta is obtained by summing up the term 1/),? for each electron in the 
atom, hence 


Ta=— —)) Ae (12) 


where for the atom under consideration mo represents the number of 
electrons emitting characteristic radiation of wave-length Xo. Eq. (12) 
can be put into a form to be compared with more recent formulas by using 
the relation 


which gives 


St ae 
Tas (ng Ex*?+nyEy?+ “eee gre )r3 (13) 
2 mh?c* 
where, in modern notation, vx, my. . . stand for the number of electrons 
inthe K,L... levels respectively and Ex, Ey... are the corresponding 


binding energies. To check this with experiment, (13) gives for Bi in 
the K region, assuming ux = 2, 2, =8, ny, = 18 and averaging the multiple 
values of Ey, and Ey usually found in tables, 


Ta=5.20X 108 A3 
whereas (1) gives for B; 


Tag=1.06X 10° A? 


It appears therefore that Thomson’s formula gives a value of 7, about 
five times too large. 

There are reasons why we might expect (13) to give too large values. 
The discussion is based on the passage of a single pair of pulses over the 
electron. If a train of pulses is considered, each succeeding pulse produces 
an additional displacement and an increased restoring force. The result 
is that less energy is removed per pulse the greater the displacement. For 
a large number of pulses it is obvious that the average energy removed 
per pulse would be less than for the first pulse; i.e. the absorption coeffi- 
cient for a wave train should be less than for a single pulse. 

It is observed* that the introduction into (13) of Moseley’s approximate 
law vc N? for the relation between an absorption limit and atomic 
number leads directly to an equation of the form of (1). 


* See also A. H. Compton, Phys. Rev. 14, 249 (1919). 
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Compton’s theory. This is somewhat similar to Thomson’s theory in 
that it applies the fundamental laws of dynamics to “electrically charged 
particles capable of executing damped harmonic oscillations.’’ An equa- 
tion for the absorption coefficient per electron is then derived which 
involves the damping coefficients of the forced and of the free vibra- 
tions and the corresponding frequencies. This equation is simplified by 
approximation, and the exponent of \ is determined by an empirical 
evaluation, the resulting expression for the atomic absorption coefficient 
being given by 


2 —( ute enw )s (14) 
Ta L0—| nx— n1t—— an oer ss 
mc* aye ONE 
which, when put in the form 
e2 
Tq = 2a ——_ (mg Ex? +nyky?+ ona a ne yr3 (ris) 
mh*¢4 


is identical with (13) except for the factor involving zr. 
For bismuth, this gives 


Ta= 2-10 108 d 


. aresult approximately twice the experimental value. Compton’s formula 
does not give an independent theoretical justification for the \* term. 

de Broglie’s theory.2, This theory is based on the assumption that it is 
possible to set up conditions of equilibrium between atoms and a radia- 
tion field such that the rate of absorption of energy by the atoms in the 
process of the photo-electric emission of electrons is just equal to the rate 
of emission of energy as a result of the converse process, namely the 
““de-ionizing’”’ of atoms by the free electrons. The equation to express 
this fact assumes the following form 


N Ai Epdt = th hvF(v) p(v , T)dv dt (16) 

Np : 

P 
where A;. dt represents the fraction of ionized atoms, Ni, per cc which 
take up free electrons in time df and return to the normal state 7, from the 
ionized state 7, giving out energy E, per atom; JN, is the number of 
normal atoms per cc taking part in the equilibrium process; F(v) is a func- 
tion of the frequency which states the fraction of normal atoms which 
become ionized in unit time, for unit density of the radiation of fre- 

quency », the energy density being given by Wien’s equation 


p(v, T)dv=(8rh/c*)v3e—/tT dy, | (17) 
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1/n, represents the fractional part of the absorbed energy which is 
returned in the corresponding fluorescent radiation. If F(v) be evaluated 
and multiplied successively by (1) the number of atoms N dx per square 
centimeter of an absorbing material of thickness dx, (2) the energy 
density of the incident radiation of frequency », and (3) the energy hy 
absorbed by each atom in the process of ionization, the result is the rate 
of absorption of energy. If this result be divided by the rate at which 
energy is incident on the square centimeter we have the absorption 
coefficient which is found to be 


Ta=(1/8rckT)3 DA.” Egny . (18) 


The summation is to be extended to all the electrons of the atom. It is 


assumed that 
npAi® = KEyT (19) 


K is evaluated and found to be 


K=—- — — (20) 


If (19) and (20) be put in (16) and the result extended to all the electrons 
of the atom we have 


Ta= 1 (e?/mh?c*) (ng Ex?+nyE,? prow hae ) 3 (21) 


a result identical with Thomson’s value, Eq. (13), except for the factor 
involving 7. For bismuth Eq. (21) gives, for \<2x, 


Ta=1.14X 10°? 


in excellent agreement with experiment. It is to be observed that the 
\* term appears in (18) because of the introduction of Wien’s Eq. (17) in 
which appears the term 7’, : 

Kramers’ Theory. This has several points in common with deBroglie’s 
theory. Both assume Wien’s law of energy distribution and the possibility 
of thermodynamic equilibrium. Kramers then starts with the assump- 
tion that : 


NPiQn i= NP Qian pes 


where P,, represents the fraction of a total number N of atoms which are 
in an ” or normal state and Qn»+i represents the fraction of these per 
second which pass from the normal to the ionized state 7. Similarly P; 
represents the fraction of N atoms which are in the ionized state, a frac- 
tion Q;., of which return per second to the state. P, and P; are con- 
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nected by Boltzman’s probability principle. Q,.; involves the spectral 
energy density of the exciting radiation (given by Wien’s law) and the 
atomic absorption coefficient, ta’ which, since 7,’ has the dimensions of 
an area, may be regarded as “‘the effective cross-section” of an atom for 
intercepting radiation. Q;., on the contrary involves the inverse process, 
namely the effective cross section rg of an ionized atom for intercepting 
electrons. A simple relation is thus established between 7,’ and rz. By 
aid of the correspondence principle and the classical laws of radiation of an 
electron describing an orbit past a positively charged nucleus Ne, the 
value of rg is determined. The final value of 72’ may be put in the form 


64r4 em = 1 


9304 A We RRL) 


Ta N 4X3 (23) 
where 7,’ refers to the absorption coefficient of a nucleus Ne, with a single 
electron in the k quantum orbit, and g’ is a constant “‘which does not 
differ much from unity.’ If it be assumed that we can compute the 
atomic absorption coefficient 72 by summing up (23) for all the electrons 
of a neutral atom of atomic number N we have 


6474 619m 1 2 ik 8 af 18 eae 
Ta econ) © 24 
KEV As c4 hee 132 24 3 34 :) ee 


where 2, 8, 18.... represent the respective number of electrons in 


Giant rinse 2. a. wie) 
Computing, as before, the absorption coefficient for bismuth we have 
(assuming g’=1), 
Ta=60X 1043 , 


a value which is about half the experimental value. 5 

Although difficult to trace, it appears that the term * appears in 
Kramers’ formula on account of the introduction of Wien’s law, and the 
term N‘ apparently comes from the application of classical electro- 
dynamics to the radiation of an electron as it passes a nucleus of charge 
Ne. 

As Kramers points out, Eq. (23) is derived for the case of a nucleus 
of charge Ne and a single electron. It can therefore be expected to be 
only an approximation when applied to all the electrons of an atom. 
The approximation may be expected to be of the same order as is found 
in the case of Bohr’s theory of the hydrogen spectrum when applied to 
elements of higher atomic number. Indeed, by use of Bohr’s equation 


for the energy of a given quantum orbit k, namely 


Ee hyv,= (272m Ne*/ h?) (1/k?) 
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we can re-write (23) as follows 
16 lalate Ai 
To =—— 9’ SSeS oeeNs (25) 
3x/3 mh’c* k+1 
It seems reasonable to extend Eq: (24) so as to include all the electrons 
of a neutral atom by writing 


16 : nk Ex? ny Ey? 
Ta=—— 2’ ——_-(=— + Se ae ee )s (26) 
3x/3 mh?c*\ 1+1 2+1 
If now, in using (26) we put in the experimental values of Ex, Ey... the 


formula should be freed of the limitation of a single electron around a 
nucleus Ne and should apply generally. Computing 7, for bismuth in 
this way gives | 

74 = 50 X 107NF . 

It is to be observed that (13), (15) and (21) are identical, except for 
the value of the factor involving 7. However (26) differs from these 
three not only in the corresponding numerical factor, but in dividing 
each of the terms E? in the bracket by (k+1). It is in reality this factor 
(k+1) which reduces the value of ta computed from (26) to about half 
the correct value. If this factor be omitted the value of rt, given by (22) is 
correct within experimental error for \< Xx. 

We are now in position to compare these several theories as regards 
their prediction of the magnitude of the K absorption discontinuity as 
expressed by the value of isco It is evident that Eqs. (13), (15), and (21) 
give identical values of Re namely: 


ae Mk hx’+nyFy?+nmMEmM?+ - 


z a 27 
; NL Ey? +amMEM?+ >a Ske ( 
while for (24) Ra is independent of WN and is given by 
1+1/6+1/18+ - | 
— tee —=5 5 (28) 


ee) d/o 19 eee 


For (26) we have, on the contrary, 


L 
Rise Se (29) 


In evaluating (27), (28) and (29) it is assumed that it is unnecessary to 
include limits beyond the M limits, and that the values of Nk, Ny and ny 
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are respectively 2,8 and 18. The values of Ex, Ey and Ey, used are those 
obtained partly from Sommerfield’s “Atomic Structure and Spectral 
Lines,” and partly from Robinson (Proc. Roy. Soc. 104, 455 (Nov. 1923). 
There has been no attempt to weight the multiple values of Ey and Ey;; 
the average values of E;? and Ey,” have been used. The data are shown 
in Table III. The values of Re given by the two equations are shown 
graphically in Fig. 10, curve A corresponding to Eq. (29) (Kramers’ theory 


TABLE III 

Element Ex bee Exu* ee ies 

EKe<(27) Eq. (29) 
Pb 82 6463 1080 233 9.1 13.4 
Au 79 5940 985 207 Sha £35 
W 7 5114 833 170 9.6 1422 
Sn 50 2148 311 50 12:4 1832 
Ag 47 1879 263 36 13.3 19.7 
Mo 42 1473 197 | 144: DA ies 


* “Root-mean-square”’ values. 
Values of E are given in terms of »/R, where v is wave-number and R is the Rydberg 
constant. . 


as modified in Eq. (26)), and curve B to Eq. (27). The line C in Fig. 10 
gives the ratio predicted by Kramers’ original Eq. (24). It is seen that 
the observed values correspond most closely to Kramers’ Eq. (24), but 
this agreement must be regarded as fortuitous, since there can be no 
doubt that a multiple charged nucleus with a single electron behaves 
quite unlike such a nucleus with its normal quota of electrons. The step 
from Eq. (23) to (24) cannot therefore be made without some modifica- 
tion. The suggested modification (26) however, gives values of Rae 
(curve A) entirely too large. 

While these equations, therefore, do not give values of jie which 
check closely with experiment, it is very significant that they predict ina 
qualitative way the variation of Re with N. The experimental data 
themselves are by no means satisfactory, although probably correct to 
ten or twenty percent. 

It is hoped to improve the precision with which these measurements 
can be made, and to obtain values of Rt for a larger number of elements. 


CORNELL UNIVERSITY, 
September 11, 1925. 
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MEASUREMENT OF THE REFRACTION OF X-RAYS 
IN A PRISM BY MEANS OF THE DOUBLE 
X-RAY SPECTROMETER 


By BERGEN Davis AND C. M. SLACK 


ABSTRACT 


In the double spectrometer used, x-radiation was reflected from a crystal 
surface A through a slit S on to a second crystal surface B, and thence to the 
‘onization chamber. Surfaces A and B were obtained by splitting a single 
crystal of calcite. The curve obtained for Mo Ka by rocking B is a triangle 
with base about 8 seconds wide. The effect of interposing a prism of aluminum 
(angle 166°) between S and B was to shift the curve 5.62’’ on the average, 
giving 1—»=1.68X10~. The value calculated from the Lorentz dispersion 
formula is 1.77107. For Cu Ka the shift was 5.53’ for a 116° prism, giving 
1—y=8.4X10- as compared with the calculated value 8.3610. The 
accuracy of this method is thus within 5 percent. 


ees of the direct refraction of x-rays on passing through a 
prism was long sought for without success. The effect is so minute 
that its direct detection is difficult. 

Recently, however, the direct bending in a prism has been measured 
by the photographic spectrometer method in the laboratory of Professor 
Siegbahn.! Shortly afterward the direct refraction in a prism was meas- 
ured by the authors,” using the single ionization spectrometer. A serious 
defect of the single ionization spectrometer for this purpose arises from 
the fact that the maxima of the energy curves are shifted not only by re- 
fraction but by the unsymmetrical absorption of the beam in the prism. 

Refraction at the surface of a crystal in the case of crystal reflection 
had already been quice accurately measured by Bergen Davis and R. von 
Nardroff? and by C. C. Hatley,‘ using the ionization speetrometer. 

The present paper describes the application of the double x-ray spec- 
trometer to the measurement of refraction in a prism. This method is 
capable of considerable accuracy. A bending of the beam of x-rays as 
small as one-tenth second of arc can be observed when conditions are 
favorable. 


1 Larsen, Siegbahn and Waller, Proc. Am. Phys. Soc., Phys. Rev. 25, 235 (Feb. 1925) 

2 Bergen Davis and C. M. Slack, Prec. Am. Phys. Soc., Phys. Rev. 25, 881 (June 
1925). 

3 Bergen Davis and R. von Nardroff, Proc. Nat. Acad. Sc., 10, (Feb. 1924) also 
(Sept. 1924). 

4C. C. Hatley, Phys. Rev. 24, 486 (Nov. 1924). 
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The method will be at once clear by reference to Fig. 1. A and B are 
two crystals of split Iceland-spar (calcite). The two reflecting surfaces 
are the divided halves of the same crystal. The surface of B on which 
the rays fall is the surface that coincided with the reflecting surface of A 
before cleavage. Care was taken to mount the crystals without abrading 
the reflecting surfaces in any way. The percent reflection and still more 
important, the narrowness of the “‘rocking’’ curves, depends on the virgin 
condition of these surfaces.° 


Fig. 1. The double x-ray spectrometer. 


The narrow beam 7 of incident x-rays is reflected from crystal A 
through a limiting slit S to crystal B, and from B to the ionization 
chamber. Crystal B is mounted in such a way that it can be turned 
through a small measured angle as desired. This is accomplished by 
means of a long arm attached to the crystal-table which is operated by a 
tangent screw. The hand wheel that turns the tangent screw is so divided 
that one scale division on the edge of wheel represents one-half second 
of arc of rotation of crystal. The details of this arrangement have been 
previously described (see Fig. 2 of Davis and Stempel'). 


5 Davis and Stempel, Phys. Rev. 17, 608 (May 1921). 
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The beam of homogeneous x-rays after passing through slit S falls on 
crystal B and is reflected into the ionization chamber. This beam is 
marked a in Fig. 1. Maximum reflection is obtained when the reflecting 
planes of B are parallel to those of A. If now crystal B be turned (rocked) 
a small measured angle each side of this maximum position, energy dis- 
tribution curves are obtained (curve a, Fig. 2). By careful adjustment of 
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Fig. 2. Specimen curves showing the refraction in an aluminum prism. 


the crystals these rocking curves could be made quite narrow. The width 
at half-maximum was less than 6” of arc in the case of Mo Ka radiation. 
The position of the maximum of the curves could be determined to about 
one-tenth second of arc. 

The prism P in which refraction is to be measured is mounted on a 
carriage with a fine screw so that it may be run in and out of the path 
of the x-ray beam as desired. When the prism is in the path of the beam, 
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the ray is refracted through an angle 6 as shown. Crystal B is now 
rotated to reflect this refracted beam. A new rocking curve is obtained. 
The angular distance of the peak of this curve is equal to 6, the angle of 
refraction. The great advantage of the double x-ray spectrometer over 
the single is that the unequal absorption of the rays in the prism does not 
affect the position of the peak of the curves at all. This was directly 
tested by experiment. A piece of lead with a flat edge (not a prism) was 
mounted in place of the prism. When this piece of lead was pushed par- 
tially across the beam, the rocking curve was diminished in intensity, 
but the position of the peak was not altered. 

Specimen curves for refraction in an aluminum prism are given in Fig. 2. 
Curve a was obtained with the direct beam a (Fig. 1) and curve b with 
the refracted beam b. Measurements were made for two frequencies, 
Mo Ka (A.7078) and Cu Ka (A1.537). The refracting angle R of the 
prism was 166° in case of \.7078 and was 116° in case of 1.537. 

When the prism is symmetrically placed (position of minimum devia- 
tion) the index of refraction 4 may be expressed by 


w=1—6 ;6=—6/2tan4iR 
The sign of @ is negative for bending in the direction indicated in the 


figure. 
The results obtained are given in the table. 


6x 1076 6x 1078 
r R 6 (obs) Mean 6 (obs) (calc) 
.7078 166° Sats 
5.46 
5375 S024 1.68 1.77 
5.50 
5755 
17537 116° 5.40 
5.60 \ a0" 8.4 8.36 
5.60 


The last column of the table gives the values of 6 computed from the 
Lorentz dispersion formula. In the case of the radiation here used, the 
frequency is so far removed from the natural resonance frequencies of 
the aluminum atom that the simplified form 


pe eh 
i 


a 27m We 


was used for the computations. 

The accuracy obtained in these measurements is well within +5 
percent. This accuracy might be increased by repeated measurements 
and in particular by maintaining constant temperature. 


22 BERGEN DAVIS AND C. M. SLACK 


It was found that the position of the peaks of the curves often shifted 
during the course of a run. It was observed that the temperature also 
changed at the same time. On those occasions when the temperature 
was practically constant the shift was quite small. This shift apparently 
arises from an unequal expansion or contraction of the various parts of 
the apparatus, particularly the parts of the mechanism operating 
crystal B. Another source of error was the measurement of the angle 
R of the prism and the placing of it in a symmetrical position. 


PHOENIX PHYSICAL LABORATORY, 
COLUMBIA UNIVERSITY, 
October 20, 1925. 
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THE ABSORPTION SPECTRA OF THE VAPORS OF 
ALUMINUM, GALLIUM, INDIUM AND THALLIUM 
i Site Be tee ENA Rha Ol) be ad 


By JoHN G. FRAYNE AND ALPHEUS W. SMITH 
ABSTRACT 


(1) Absorption in heated vapors. The metals were vaporized in a graphite 
tube 15 cm long heated with an oxyacetylene torch to temperatures up to 
2000°C. A tungsten under-water condensed spark provided a continuous 
spectrum. Aluminum. At about 1200°C the first 7 pairs of the first subordinate 
series were absorbed. The relative intensities differ from what might be ex- 
pected from the Bohr theory standpoint. No absorption was observed for the 
second subordinate series. Gallium. At a temperature of about 1500°C, 17 
prominent lines appeared, including the first 4 pairs of the first and second 
subordinate series and the 5th term of the 2/:,—ms series. Indium. Ata 
temperature of about 1200°C, 18 lines appeared, including the first 3 pairs of 
the first subordinate series, the first 5 pairs of the second subordinate series and 
the 4th term of the 2p,;— md series. Thallium. At 400°C, 4 lines of the 2p2—ms 
and 4 of the 2p2—md series appeared, widening into bands with increasing 
temperature. At 800°C, lines from the 2; level appeared as fine absorption 
lines. These results verify those of Grotrian. (2) Absorption in the arc. A 
bead of the metal was placed in a crater. Aluminum. In a 15 amp. arc the 
lines of the 2b2—md and 26,—md (m=5 to 11) were completely absorbed. 
Indium. Besides the resonance lines 2p2—2s and 262—3d, the lines 2p; — 2s and 
2p2—3d were completely absorbed. (3) Relative behavior of lines from 2p, 
and 2p. levels. The lines for the 2, level for gallium and indium are as readily 
absorbed as those for the 22 level and therefore may also be resonance lines. 


INTRODUCTION 


Tee CATION of the absorption spectra of aluminum and thal- 

lium vapors has been made by McLennan, Young and Ireton.! Using 
the method of arc reversals they found band absorption corresponding to 
some of the higher members of the 262—ms and 2p2—md series. Their 
results will be discussed below. Grotrian? found the first pair of the first 
and second subordinate series in gallium vapor completely absorbed. 
In a previous paper® he tells of having found several members of the 
first and second subordinate series absorbed in the vapors of indium and 
thallium. He used the method of passing a continuous ultraviolet spec- 
trum through the vapor of the metal in an evacuated quartz tube. He 


1 McLennan, Young and Ireton, Roy. Soc. Can. Proc., 13, 9 (1919). 
2 Grotrian, Zeits. f. Physik 18, 169 (1923). 
8 Grotrian, Zeits. f. Physik 12, 218 (1922). 
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was limited to temperatures of 1200°C and found few lines below 2400A. 
In a recent paper Narayan, Gunnayya and Rao‘ found band and line 
absorption in thallium vapor corresponding to several arc lines, including 
3776A (2p2—2s). Guthrie® and later Wood and Guthrie® made investiga- 
tions of absorption in thallium vapor. Uhler and Tanch’ found the lines 
4511A (2p,—2s) and 4101A (2$2.—2s) absorbed in indium vapor. 

The present investigation was undertaken with a view to extending 
Grotrian’s work to aluminum. Further, since the method described below 
made it possible to use temperatures as high as 2000°C, it was thought 
that new information could be obtained for the vapors of gallium, indium 
and thallium. It was also thought that further study of absorption in 
this group might help put a more satisfactory construction on the real 
meaning of the 2p; level. At the present time it is considered a metastable 
level, while the 2p. level is chosen as the stable orbit. There is very little 
experimental evidence for such a distinction, as direct resonance measure- 
ments have only been reported on thallium. It is a well known fact that 
resonance lines are readily absorbed in the normal vapor of the element, 
but the elements of this group not only have their resonance lines but 
also lines from the 2p; level appear as absorption lines. The difference 
2p2—2p,1 is small for aluminum, about .10 volt, increasing to about .96 
volt in thallium. It is true that Mohler and Ruark® found a resonance 
potential of .9 volt in thallium vapor and Jarvis® has found a similar 
potential of .3 volt in gallium vapor. Grotrian found that absorption 
of lines from the 22 level took place at a lower temperature than from 
the 2, level, the temperature difference increasing from about 100°C 
in gallium to about 400°C in thallium. However, the fact that he did 
find lines from the 2; level strongly absorbed, seemed to indicate that 
they might be placed in the same category as those from the 2, level. 


EXPERIMENTAL PROCEDURE 


The metal under investigation was placed in a graphite tube 15 cm 
long open at both ends. An oxyacetylene torch was used as the source 
of heat. This method has been already described by Zumstein!® who used 
it in a study of the absorption spectra of copper, silver and gold. In the 


* Narayan, Gunnayya and Rao, Roy. Soc. Proc. 106, 596 (1924). 
5 Guthrie, Dissertation (1908). 

® Wood and Guthrie, Astrophys. J. 29, 211 (1909). 

7 Uhler and Tanch, Astrophys. J. 55, 291 (1922). 

8 Mohler and Ruark, J.O.S.A. 7, 819 (1923). 

® Paper not yet published. 

10 Zumstein, Phys. Rev. 25, 523 (1925). 
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case of aluminum and thallium it was found necessary to pass a stream 
of nitrogen over the metal to prevent oxidation. At very high tempera- 
tures the aluminum combined with the nitrogen, making it difficult to 
secure sufficiently dense vapor to show absorption. 

The continuous ultraviolet spectrum was produced by a condensed 
spark between tungsten electrodes under water. The spark circuit was 
similar to that described by Hulburt'! with the exception that the 
auxiliary gap was an ordinary air gap with an air blast between the elec- 
trodes. This proved to be a very satisfactory arrangement, giving a 
continuous spectrum between 8000A and 2000A. A Féry type spectro- 
graph was used throughout the work. 

On account of the rapidity with which the graphite tube heated it was 
found impossible to take observations at temperatures which differed 
by less than 50°C. 


EXPERIMENTAL RESULTS 


Aluminum. Several absorption lines appeared about 1200°C. They 
were found to correspond to well defined arc lines (see Table I). The 
first six pairs of the first subordinate series were absorbed, the absorption 
being more prominent in the shorter wave-lengths. The line 3092A 
(2p,— 3d) was more strongly absorbed than 3082A (26.—3d). Neither 
the lines 3962A (26,—2s) and 3944A (2p2—2s) nor any other lines of the 
second subordinate series were absorbed. 


TABLE I 


Absorption spectrum of aluminum vapor 


vy =2p.—md *y =2p, —md 
m (in I.A.) m A(in I.A.) 
3 3082.16 6 3092 . 84 
4 2567 .997 4 2575 .411 
5 2367 .064 ) 23135 300 
6 2263 .453 6 2269 .212 
v 2204 .627 a 2210 .046 
8 2168 .805 8 21/4 .028 
9 2145 .390 9 ZASUROD 
710 2129.44 710 2134.70 
711 ZALS VOZ 711 P2350 


* New absorption lines. 
+ Absorbed in the arc. 


The arc reversal method also was used to detect absorption. A small 
bead of the metal was placed in the crater of the positive carbon and 
vaporised in a 10 ampere arc. Some of the spectrograms showed complete 


1 Hulburt, Phys. Rev. 24, 129 (1924). 
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absorption of five pairs of the first subordinate series, beginning with the 
fourth pair. In addition, narrow reversals were observed in the second 
and third pair as well as in the first pair of the second subordinate series. 
When a 15 ampere arc was used absorption was extended to the third 
pair of the first subordinate series. 

Gallium. One gram of gallium gave sufficient vapor for absorption 
when heated to a temperature of about 1500°C. The first four lines of 


A-GALLIUM 


2P- 3d] 
2P2-3d 


2 p -?2S ES 
2P2-2 


Plate I 


the 22—ms and 2p2—md series were strongly absorbed. In addition, 
the first five lines of the 26;—ms and 26,—md series were absorbed. 
Band absorption occurred between 2620 and 2480A. This band became 
more pronounced at higher temperatures. The wave-lengths of the 
gallium lines given in Table II are taken from the Astrophysical Journal® 
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of May, 1922. Plate IA isa reproduction of one of the spectrograms taken 
with this vapor. 


In addition to the gallium lines there appeared as impurities the indium 
lines 262—ms (m=2 to 4), 262—md, (m=3 to 5), 261—ms (m=2 and 3) 
and 26,—md (m=2 and 3). 


TABLE II 


Absorption spectrum of gallium vapor 


y=2p.—ms vy=2p.—md 
m (in I.A.) m A(in I.A.) 
2 4032 .975 3 2874.24 
*3 2659 .873 nf! 2450 .078 
=! DOT Leo 25 *5 2294 .202 
+5 2255 .034 ~O 2218.039 
vy=2p1—ms y=2p,—md 
m A(in I.A.) m A(in I.A.) 
4 4172 .06 3 2944 .175 
ye 2719 .66 ' 2500 .714 
*4 2418 .699 45 2338 .596 
ate 2297 .869 *6 2259 222% 
*6 2236.103,_ 


* New absorption lines. 


Indium. The lines absorbed in indium vapor are given in Table III. 
The first three lines of the 22—ms and the first four of the 262—md series 


TABLE III 
Absorption spectrum of indium vapor 
vp=2p.—ms vy =2p2.—md 
m A(in I.A.) m ACH eS, 
2 4101 .764 3 3039 .356 
3 2753 .889 4 25602157 
4 2460 .079 5 2389 .543 
5 2340.191 122 2181.70 
*6 $2278.20 
y=2pi—ms y=2p,—md 
m A(in I.A.) m (in I.A.) 
2 4511.38 3 2707009 
3 2932 .633 4 2713 .932 
4 2601 .756 5 2522 .854 
5 2468.12 6 2430.70 
6 2399 .25 


* New absorption lines. 


were strongly absorbed. In addition the first five members of the 2h1—ms 
and 2p,—md series were absorbed. A line corresponding to the emission 
line 2181A was absorbed. This may be 2p2—12s but as this leaves the 
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members of the series from m=6 to m=11 missing, the line is probably 
due to an impurity. All of the absorption lines occurred on every picture. 
Plate IB is a reproduction of a spectrogram taken at a temperature of 
about 1200°C. The emission spectrum of indium is reproduced in Plate 
IC. It will be noted that the lines 2p2—2s, 26,—2s, 262—3d and 2p, — 3d 
were completely absorbed in the arc. Aluminum emission lines were 
prominent in the arc but none appeared to be absorbed. 

Thallium. Grotrian’s observation that there was a 400°C difference 
between the appearance of lines from the 2p; and 22 levels was verified 
in this investigation. The lines of the series 2h2—ms (m=2 to 5) and 2p. 
—md (m=3 to 6) appeared as fine absorption lines about 400°C. As the 
temperature increased these lines widened into bands extending asym- 
metrically toward the red. At 1200°C the lines 26.—2s and 2p2.—3d 
widened into bands of approximately 50A, while 2379A (262.—4d) ex- 
tended about 38A. This latter line was the only one observed by Wood 
and Guthrie.® 


TABLE IV 
Absorption spectrum of thallium vapor 
vy=2p.—ms vp=2p2—md 
m A(in I.A.) m (in I.A.) 
2 SW al bee y 4) 2767.87 
3 2580.14 4 2379.58 
4 2315 .93 S 2237.84 
5 2207 .06 *6 2168.61 
vy=2p1—ms vy=2p,—md 
m A(in I.A.) m A(in I.A.) 
3529.43 
2 5350.46 3 { 
3519.24 
DO21 552 
3 3229.75 4 
2918.32 
4 2826.16 5 2710.67 
» 2665.57 6 2609.77 
6 2585.59 7 2552253 
7 2538.18 8 2517.41 
8 2507 .94 9 2493 .91 
9 2487.48 10 2477.49 
10 2472.57 11 2465 .46 
11 2461 .93 LZ 2456.45 
13 2449 .49 
14 2443 .92 
15 2439.50 
16 2435 .80 
aye 2433 .0 


* New absorption lines. 


At about 800°C the lines of the series 26;—ms and 2p,;—md appeared 
as fine absorption lines. These lines did not widen into bands as the tem- 
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perature was raised. The complete list of lines absorbed in this vapor 
is given in Table IV. Plate ID shows the lines from the 22 level only. 


DISCUSSION 


The appearance of the aluminum lines is not what one would expect 
from the Bohr theory standpoint. In the first place, the resonance line 
3944A (26.—2s) failed to appear as an absorption line. Secondly, the 
resonance line 3082A (22—3d) appears only as a very faint absorption 
line, while the line 3092A (26;—3d) was much more prominent. Finally, 
the higher members of the series showed stronger absorption than those 
of longer wave-length. This latter point was also noted by McLennan, 
Young and Ireton,! who studied the absorption spectra by the arc reversal 
method. They found band absorption corresponding to lines of the 2. 
—ms (m=4.5 to 8.5) and 22—md (m=6 to 14) series. They found no 
absorption of any lines from the 2/, level. 

The work of Grotrian? with gallium vapor was verified and thirteen 
new absorption lines discovered. He had found only the lines 2p.—2s, 
2p1—2s, 2H2—3d, and 26,—3d. The results of this investigation showed 
that lines from the 2; level were just as readily absorbed as those from 
the 2p. level and that the term resonance might be equally applied to any 
line. 

All of the lines found absorbed in indium vapor by Grotrian? were 
obtained on the spectrograms. In addition, the fifth member of the series 
2p2—ms (2278A) was strongly absorbed. The complete absorption of 
2p2—2s, 2p2—3d, 261—2s and 26,—3d points strongly to the suggestion 
that the latter pair might be considered in the same category as the 
former, which are recognised resonance lines. It is of interest to note 
that Uhler and Tanch’ observed only 4511A (261—2s) and 4101A (2p2 
—2s) absorbed in indium vapor. 

The results obtained in thallium vapor clearly differentiate between 
the 22 and 24; levels in this atom. The lines of the 22—ms and 2p2—md 
series appear without any of the lines of the 261—ms or 2p1—md series. , 
Further, the lines from the 22 level are radically different from those 
from the 2; level in that they widen out into bands with increasing 
temperature whereas the latter lines remain as fine absorption lines. 
Only one new line 2168A (2/2.—6d) was found in this investigation. 
McLennan, Young and Ireton! found absorption bands in thallium 
vapor, corresponding to the lines 22—md (m=6 to 10) and 2f2—ms 
(m=5.5 to 11.5). They failed to find any absorption of lines from the 
2p: level. They explained their failure to find 3776A (2p2—2s) by sug- 
gesting that the presence of Hg vapor was necessary to cause absorption 
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POLARIZATION OF RADIATION EXCITED 
Bye ELECTRON IMPACT 


By A. ELLeEtTT,? PAUL D. Foote Anp F. L. MouLerR 


ABSTRACT 


Polarized radiation following electron impact.—If a unidirectional beam 
of electrons, of velocity slightly in excess of the resonance potential, is projected 
through a vapor at a very low pressure so that effects due to atomic collision 
and resonance radiation are negligible, and in the absence of an applied field 
and resulting Larmor precession, there is reason to suspect that the radiation 
emitted perpendicular to the electron beam should be partially polarized, 
especially for lines corresponding to Aj=1. 

Polarization in mercury and sodium vapor.—Experiment showed a polariza- 
tion of about 30 percent for 42537 with the greatest intensity of the electrical 
vibration having a direction perpendicular to the electron beam. No polariza- 
tion was detected for the unresolved sodium D-lines, confirming the recent ob- 
servation of Kossel and Gerthsen. 

Polarization in mercury with field of 3gauss.—A field parallel to the electron 
beam produced no effect. With the field perpendicular to the beam the radia- 
tion along the field was unpolarized while that perpendicular to the field was 
reduced in polarization to 13 percent. These results suggest that the atom 
radiates with the same distribution of polarization and intensity as in zero field 
but with the atom rotated through an angle determined by the time of excita- 
tion and the precessional velocity. 


N the complete absence of an electric or magnetic field, the atoms of a 

gas at very low pressure are oriented at random. Let jo represent the 
number of units (4/27) of angular momentum characterizing each atom 
in the normal state. The effect of an inelastic impact with an electron is 
the production of an atom in an excited state having an increased amount 
of energy and an angular momentum j. In collisions at a velocity only 
slightly greater than that corresponding to the resonance potential, the 
final velocity of the electron is practically zero. Under these conditions 
it would appear that the vector representing the angular momentum 
transferred to the atom should be directed perpendicularly to the velocity 
_ of the electron before the collision. 

Let us consider the case when the atom absorbs one unit of angular 
momentum (j=7o+1) which is subsequently radiated as a quantum of 
circularly polarized light. The axis of the circular vibration coincides in 
direction with 7. For a uniform distribution of the jo vectors the statistical 

1 Published by permission of the Director of the National Bureau of Standards of 


the U. S. Department of Commerce. 
2 National Research Fellow. 
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distribution of the 7 vectors, following collision with a unidirectional, 
univelocity beam of electrons, is readily obtained from simple geometrical 
relations. The j axis of any atom should remain fixed in direction since 
the assumption of no external field precludes precession during the time 
of excitation. The circular vibration emitted, as viewed by an observer 
looking perpendicularly to the electron beam, appears in general ellipti- 
cally polarized. The elliptical vibration may be resolved along the direc- 
tions parallel and perpendicular to the beam and the sums J, and J, of 
the corresponding intensities for the circularly polarized radiations from 
all of the atoms representing the various orientations of 7, may be cal- 
culated. The following formula for the resulting polarization of the 
radiation is obtained in the above described manner. 


Ty, 3 fo?/i") 
tl 9 jo/7 


Polarizationu=.2 = (1) 
The experiment therefore appeared to afford a direct means for differen- 
tiating between the three systems of inner quantum numbers proposed 
by Sommerfeld, Landé and Bohr. Thus for the \2537 line of mercury, as 
shown in Table J, the assumption of 0, 1/2 and 1 unit of angular momen- 
tum for the normal state of the mercury atom leads to values of the 
polarization which are readily distinguishable experimentally. Unfor- 
tunately these considerations fail entirely to explain the results obtained. 


TABLE | 
Percent of polarization computed from Eq. (1) 


Jo J Iu/Ts fc 

0 il | 2.00 ase yA 
Lyi 3/2 1.86 30 

1 2 1.69 2h 
372 By2 1257 at EN 


The experiment has been carried out with the 42537 line of mercury 
and the sodium D-lines. Several different forms of discharge tube were 
employed, one found quite satisfactory for mercury being shown in Fig. 1. 


The hot wire source was a narrow platinum ribbon with a small spot of . 


calcium-barium mixture directly opposite the pair of diaphragms of 3 mm 
opening. On making the focusing cylinder slightly positive relative to 
the activated spot on the platinum, a well defined beam of electrons 
could be projected into the observation chamber. By means of a quartz- 
glass re-entrant graded seal with a plane quartz window fused in the end, 
the scattering effect of the vapor surrounding the beam was reduced to a 
minimum. The chamber through which the beam passed was a platinum 
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cylinder cut away in front for the observation window and in back so 
that the line of sight passed into the horn on the left. The entire tube 
was painted on the outside with lamp black, so that the horn made a very 
effective light trap for scattered radiation from the filament. The mercury 
vapor was at a pressure corresponding to — 18°C, the lower part of the 
tube being immersed in an ice-salt bath. The vapor pressure on the 
mercury pump side was reduced by a liquid air trap. At this low mercury 
pressure the effect of secondary resonance radiation is practically neg- 
ligible. For example, a beam of \2537 radiation projected through a bulb 
of mercury vapor at —18°C is.sharply defined, whereas at 0°C the 


To Liquid Air Trap 


ea and Pumps 


—> To camera 


Earth's magnetic field 
compensated by | meter 
Helmhottz coils. 


Fig. 1. Diagram of tube used for mercury vapor. The radiation produced by the 
beam of electrons was photographed through a quartz window by a camera with quartz 
lens and quartz Wollaston prism. 


scattered resonance radiation diffusely fills the bulb. The portions of the 
discharge chamber which were cut away for the observation window 
and horn were covered with a very coarse grid of two or three fine 
platinum wires to reduce electrostatic effects. The wires by the window 
served as fiducial marks defining different sections of the beam. 

The potential required to excite the \2537 line of mercury is 4.9 volts. 
However the next line 1S—2P is not produced below 6.67 volts, and since 
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the quartz observing system was opaque to this line, fields up to 7 volts 
introduced no spectroscopic complications even in the excitation of 42537 
as a two-stage process. In general, the field employed was around 6 to 7 
volts. A few exposures at somewhat lower voltage showed no pronounced 
differences. It was found necessary to use an additional electrode at the 
bottom of the cylinder at a potential a few tenths of a volt positive to the 
cylinder. In this way the effect of space charge in the beam was partially 
neutralized. With proper care the beam could be limited to the geo- 
metrical projection of the diaphragms and extended for about 2 cm, well 
past the observation window. The current represented by the beam was 
of the order 5 to 20 u-amp. 

The beam was photographed by means of a camera with a quartz 


objective. Between the objective and the tube was mounted a large 


quartz Wollaston prism so oriented that one image represented the 
intensity of the radiation polarized with the electric vector parallel to 
the beam and the other perpendicular. Plate I illustrates several typical 
exposures. The plates were photometered and a rough estimate of the 
intensity ratio was made on the assumption of a gamma value of 0.8 for 
the plate characteristic. This value is probably a fair assumption for 
\2537 and the type of development employed, although of course it 
cannot be considered as quantitatively correct. Exposures were usually 
of about two hours. With mercury it was necessary to compensate for 
the earth’s magnetic field by a pair of large Helmholtz coils since the vapor 
is extremely sensitive to the depolarizing action of a field. Lead-in wires 
for the filament current of about 5 amperes were twisted together and 
every precaution was taken to eliminate stray fields. Nothing but platin- 
um was used in the construction of the discharge chamber and heavy 
platinum wires extended well back to the tungsten seals. These precau- 
tions were not necessary with sodium as is shown by the behavior of the 
resonance radiation in fields of one gauss or less. The usual high vacuum 
technique was employed. The tube was well baked at 360°C and, upon 
cooling, a drop of metal, after several distillations, was condensed in the 
bottom. The pressure on the fore-pump side was below that readable on 
a McLeod gage. 

In order to be certain that the beam in mercury vapor represented 
true electron impacts and was not resonance radiation excited by the 
2537 radiation produced between the filament and the diaphragm system, 
a weak magnetic field, perpendicular to the beam, was introduced by a 
second pair of Helmholtz coils. The beam was bent into a circular arc 
well out of the geometrical projection of the filament, proving the effect 
to be due to electrons. 
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Sodium. Since the beam in sodium is visible, photographic difficulties 
may be eliminated. The observing device consisted of a quartz wedge and 
nicol prism oriented for the production of fringes. No polarization was 
observed although a polarization of 2 percent could have been readily 
detected. It does not seem likely that the vapor pressure at 150°C was 
sufficient to have caused any depolarizing action by atomic collision. 
This experiment, which was made about a year ago, is an independent 
confirmation of the recent work by Kossel and Gerthsen.? They were 


a Behe Lice ! ol 


Plate 1. At —18°C the beam of \2537 radiation from mercury vapor is sharply 
defined by the geometrical projection of the diaphrams limiting the beam of electrons. 
The width of the beam is about 3 mm. The ends of the beam are limited by the re- 
entrant quartz tube and window. The component of the radiation polarized with the 
electrical vibration perpendicular to the electron beam is about twice as intense as the 
parallel component. Densitometer measurements on the original negatives were made 
at corresponding points of the two images as determined in reference to the wire marker 
reproduced as a black line. Since the difference in densities of the two images is only 0.2 
to 0.3 the contrast is not striking. The upper photograph was made with a tube of dif- 
ferent design and considerable scattered radiation from the hot wire is present. 


led to the experiment by theoretical considerations quite different from 
those proposed above. Thus, according to their theory, the predicted 


§ Kossel and Gerthsen Ann. d. Physik, 77 pp. 273-86 (1925), 
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polarization is about 60 percent for 3 volt impacts. Since two lines are 
emitted, with Aj =0 and Aj=1 respectively, in the intensity ratio 1:2 we 
should expect, on the basis of Sommerfeld’s quantum numbers, a polariza- 
tion of 20 percent. 

Mercury. With mercury vapor in the absence of any applied magnetic 
field, we find a polarization of about 30 percent with the greatest intensity 
of the electrical vibration having its direction perpendicular to that of 
the electron beam. The polarization therefore is in the opposite direction 
to that predicted by the theory outlined above and by that of Kossel 
and Gerthsen. 

Using a uniform magnetic field of about 3 gauss, the following observa- 
tions were made with mercury vapor. (1) A field parallel to the direction 
of motion of the electrons produced no effect perceptibly different from 
that without the field. (2) When the field was perpendicular to the direc- 
tion of motion of the electrons, the radiation emitted along the field was 
unpolarized and that emitted perpendicular to both the electron beam 
and the field showed a polarization of 13 percent, the maximum intensity 
of the electric vibration being perpendicular to the electron beam. 

These effects with the field are in the proper direction if the field pro- 
duces a Larmor precession in the excited atom so that it radiates with 
the same distribution of polarization and intensity as it would in the 
absence of the field, but with the atom rotated through some angle 
determined by the time of excitation and the precessional velocity. 


BUREAU OF STANDARDS, 
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PHOTO-IONIZATION AND RELATIVE ABSORPTION 
PROBABILITIES OF CAESIUM VAPOR* 


By F. L. Monier, PAut D. Foote Anp R. L. CHENAULT 


ABSTRACT 


Measurement of photo-electric ionization in gases.—The method! depends 
upon the partial neutralization of the negative space charge around a hot 
wire cathode by the ions produced by radiation. The change in thermionic 
current is proportional to the product of the intensity of radiation, number of 
atoms of vapor per unit volume, the Einstein probability coefficient B,, a 
quantity RK representing the number of electrons released by a single ion and 
certain numerical factors relating to the geometry of the apparatus. The 
magnitude of R is of the order 104 to 10° depending upon the vapor pressure and 
other characteristics of the tube. Under constant experimental conditions and 
when the change in current upon illumination is small compared to the total 
thermionic current, R assumes a definite fixed value. Hence the change in 
current per unit intensity at different frequencies gives relative values of B,. 

Absorption probabilities —The absorption probability coefficient of a 
caesium atom for wave-lengths shorter than the 1s limit \3184 decreases much 
more rapidly with decreasing wave-length than follows from the \° law of 
Milne or the 4 law of Kramers although the latter is satisfactory for x-ray 
absorption. The theory of Becker is in good agreement with the data for the 
range \3050 to 2700. Anempirical relation of the form B,=B,, e& 7?" where 
\1=3184, appears to represent the experimental values throughout the ob- 
served range \3184 to 2600. Vapor pressures investigated extended from 
5 to 500 bars. 

Photo-excitation.—Photosensitivity curves between 3900 and the limit 
show that appreciable ionization is produced only at the wave-lengths corre- 
sponding to the principal series lines, the resolved effect of the individual lines 
being measurable from 1s—4p to 1s—9p with indications of further peaks, 
the definition of which was limited by the resolving power of the mono- 
chromator. The ionization is due to the production of excited atoms which 
are ionized by atomic collision. The relative magnitude of the photo-ionization 
at the different lines is in accord with the theory based upon the above hypo- 
thesis. 


ECENTLY! two of the authors described a new method for detecting 
the photo-electric ionization of a gas, which was applied to the 
measurement of the photo-electric effect in caesium vapor. The vapor 
was contained in a two-electrode quartz tube. A hot wire cathode was 
enclosed by a cylindrical electrode having a gauze end through which 
the exciting radiation was transmitted. Conditions were adjusted to be 


* Published by permission of the Director of the National Bureau of Standards, 
U. S. Department of Commerce. 
1 Foote and Mohler, Phys. Rev. 26, 195-207 (1925). 
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such that the electron current without illumination was limited by space 
charge and the formation of ions by the radiation tended to break down 
the space charge and to produce an increase in thermionic current. This 
effect is greatly accentuated by the imprisonment of the ions, as a result 
of which a single ion may be responsible for the emission of 10° or more 
electrons. The photo-ionization of caesium vapor was found to be a 
maximum at the limit of the principal series, \3184. Photosensitivity was 
also observed at longer wave-lengths which was attributed to the ioniza- 
tion by interatomic collision of excited atoms. 

The present paper is a continuation of this work. The tube was 
operated at temperatures ranging from 130 to 230°C. With an applied 
voltage greater than the ionization potential, a current of about 10~ 
amp. was obtained. As indicated by the voltage at which ionization 
occurred the actual potential difference was about 1 volt greater than 
the applied value. For the photo-ionization measurements the applied 
voltage was zero, and the current was 210-> amp. which agrees with 
the value computed from the space charge equation when V=1 volt. 
The thermionic current was balanced out by a potentiometric circuit, 
and the galvanometer sensitivity was increased as desired for the radia- 
tion measurements. Under favorable conditions a sensitivity as high as 
4X10-!° amp. per mm could.-be utilized. The increase in current due to 
the illumination, if small compared to the total thermionic emission, is 
proportional to the number of ions formed. With the potentiometric 
circuit, this increase in current is read directly from the galvanometer 
deflection. 

The amalgam mirror of the Hilger quartz monochromator (aperture F/7 
at 43000) was replaced by a sputtered platinum surface, the reflection 
coefficient of which is known. As light sources were used a 400 watt con- 
centrated filament Mazda lamp, a quartz mercury arc and a tungsten 
lamp with a quartz window, containing mercury vapor to suppress vola- 
tilization of the filament. The sources were focused on the entrance slit 
of the monochromator while no lens was employed between the exit 
slit and the ionization tube. 

Galvanometer drift and slight changes in photosensitivity of the tube, 
in part due to temperature variation, were greatly reduced by using 
storage batteries for all the electrical circuits and by adjusting the 
currents several hours before obtaining the final measurements. Three 
galvanometer readings were observed at each monochromator setting, 
with the illumination on, off and on; a series of such measurements were 
made for a range of wave-lengths and then repeated in the reverse order. 
In general, slit widths of 0.005 inch were used with the Mazda lamp in 
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the range \3900 to 3100 while slits as wide as .04 inch were necessary with 
the quartz tungsten lamp at the shorter wave-lengths near \2800. 

Data showing the relative values of the ratio of photo-electric ioniza- 
tion to light intensity as a function of the wave-length are of especial 
interest in connection with the theoretical interpretation of ionization 
by radiation. Unfortunately the intensity of the radiation incident upon 
the ionization tube was insufficient for a direct evaluation by means of 
a thermopile. Dr. Coblentz very kindly made several thermopile measure- 
ments for us with the mercury arc as source, but only two or three of the 
strongest ultraviolet lines could be detected with certainty and the gal- 
vanometer deflections for these were less than 1 cm. Intensity values 
were therefore obtained by computation using the thermopile data merely 
as a check. 

The radiation flux J) AX with the tungsten-quartz lamp as source was 
assumed proportional to the intensity of a gray body at 3000°K, times 
the reflecting power of the platinum mirror, times the reciprocal of the 
dispersion factor of the monochromator. With the Mazda lamp, these 
values were further multiplied by the transmission coefficients of a sample 
of glass from a similar lamp. 


EXPERIMENTAL DATA 


Table I illustrates the experimental conditions under which the 
photo-ionization measurements have been made. The vapor pressures 
are computed from data by Langmuir and Kingdon.” At the four higher 
temperatures both tungsten lamps were employed and in the range 
3600 to 3100 readings were made with a 0.005 inch slit at 10A intervals. 
The Mazda lamp alone was used at the lower temperatures and fewer 
measurements were obtained. 


TABLE I 


Conditions for photo-tonization measurements 
(Mazda lamp illumination) 


Current at 3200A 


Temp. Pressure slit .01 inch slit .005 inch 
230°C 500 bars 19.5 <X10-8amp. 4.7X10-8amp. 
202 170 24.2 Cet 
182 74 en 2.9 
162 29 9.0 22 
149 15 627 ea, 

134 9.7 4:2 
128 520 126 


Fig. 1 shows the photosensitivity, corrected for an equal energy spec- 
trum, as a function of the wave-length, for the temperatures 182° and 


*Langmuir and Kingdon, Proc. Roy. Soc. 107A, 61-79 (1925). 


40 F. L. MOHLER, PAUL D. FOOTE AND R. L. CHENAULT 


230°C. Table II gives some of the data for these curves as well as the 
relative values of the incident radiation flux. The last two columns 
tabulate the heights of the separate peaks in the curves of Fig. 1 from 
43880 to 3310 and the points on the continuous curve for shorter wave- 
lengths. These values are the directly determined means of the experi- 
mental data. There is a small but perceptible difference between the two 
curves of Fig. 1. Curves for 162° and 202° resemble closely that for 182°, 
as do also the less accurate data for the lower temperatures. 


(LABLE LT 


Photosensitivity and radiation flux for three sources 
Flux for tungsten lamps relative to 43184 as unity; mercury arc relative to A3130 
as unity. Data of Pfliger (Kayser’s Handbuch) are chosen since they give the same 
ratio of intensities at 3130 and 2537 as our thermopile readings. 


Source Wave-length Relative flux Sensitivity for equal flux 
JyAr 182°C 230°C 
Mazda lamp 3880A 28.0 BRA 5 .006 
3610 12.4 .038 .051 
3480 7.9 .069 .092 
3400 5.4 .092 .129 
3350 -4.0 5G .216 
3310 aed .20 ae 
Quartz-tungsten 3300 1.64 Pike 28 
lamp 3280 1.47 15 3a 
3260 1:35 37 41 
3240 P25 .54 54 
3220 iis .76 72 
3200 1.05 .93 .90 
3180 .95 1.00 .97 
3160 85 92 1.00 
3140 .79 84 .97 
3120 43 a .86 
3100 .67 .69 ae 
3060 .57 352 .60 
3020 AT .40 , 48 
2980 .38 Bi. | .40 
2940 132 .28 33 
2900 .26 .19 ‘27 
2860 “21 e15 | 
2820 Tks .14 .18 
2780 wel 3 ae Aeon: 
Mercury arc Thermopile Pfigiier 
3130 1.0 .78 1.0 
3030 mea | 34 
2970 (.35) 23 
2650 44 2 
2537 Gor 42 .6 


The measurements for wave-lengths greater than 43300 may be shown 
to advantage on a much larger scale (Fig. 2). This figure includes data 
for 162° and 230°C and in the upper portion of the drawing a map of the 
principal series lines. The peaks coincide with the series lines within 
the precision of the monochromator setting; apparently the widths are 
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Fig. 1. Relative photosensitivity of caesium vapor corrected for an equal energy 
spectrum. The maximum sensitivity occurs at the limit 1s of the principal series. 
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Fig. 2. Relative photosensitivity of caesium vapor on the long wave-length side of 
the photo-electric threshold: The peaks coinciding with the principal series lines are due 
to the ionization of excited atoms by interatomic collision. 
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determined by the resolving power of the instrument. Thus the ob- 
served effect for wave-lengths longer than 43300 is largely if not entirely 
due to the separate lines. One may safely assume that in the range 43300 
to 3184 the curves show the unresolved effects of the closely-spaced 
higher members of the principal series. 


INTERPRETATION OF EXPERIMENTAL DATA 


Direct photo-electric ionization. Let us consider the numerical relation- 
ship. involved between the observed photo-electric current and certain 
atomic properties of the vapor. If J, is the intensity of isotropic radiation 
of frequency v, we may define the quantity B, such that B,J,dvdt is the 
probability that an atom in the normal state absorbs a quantum of radi- 
ation and becomes ionized in the time dt under the influence of this ra- 
diation.2 Leta beam of radiation having the solid angle dw be incident at 
the angle ? on an element dS of the vapor surface. The amount of energy 
falling upon dS in the time dt is therefore I,dv cosddS dw dt. If k, is 
the mass absorption coefficient and p is the vapor density, the fractional 
amount of energy absorbed by the thickness dx is k,pdx/cos 3. Hence 

Energy absorbed in time dt=I,dv dS dw dt k,pdx (1) 
This energy is also given by the product of (the number of atoms in the 
volume under consideration) X (the probability of absorption by a 
single atom) X (the correction for lack of isotropism of the beam) X (the 
energy of a quantum) as follows. 

Energy absorbed in time di=N dS dx: B,I,dvdt -(dw/4r)-hy (2) 
where JN is the number of atoms per cm?. On equating (1) and (2) we find 


kyp/ hv = B,N/4xr (3) 


Eq. (3) therefore gives a simple relation between the mass absorption 
coefficient and the Einstein probability factor By. 

Let EL, =J,dvy = J,)d\ =the energy flux between v and v+dyp in ergs per 
sec. per cm? surface of the vapor taken normal to the beam. Then 
at the depth x the flux is given by 


Ey = Bete, (4) 


For the small values of k,px concerned in the present work, on putting 
the energy absorbed (£,—£,’) equal to AE, this reduces to 


AE, = E,k)px. (5) 


The number of quanta absorbed is AE,/hy and if the absorption of each 
quantum results in the production of an ion, this is equal to the number 


’See Milne, Phil. Mag. 47, 209 (1924). 
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of ions produced per second per cm? of cross-sectional beam area and 
depth x. The total number of ions 7, produced in the ionization chamber 
of volume w( =x Xcross section of beam) is therefore 


n= E,k,pw/ hv (6) 


Let z=number of electrons emitted by the hot wire per second when 
the current is limited by space charge, and Az =increase in this number 
due to the presence of ions, then 


Ai=Rn (7) 


where & by definition represents the number of electrons which a single 
ion is capable of releasing by partial neutralization of the negative space 
charge. The characteristics of this quantity will be considered below. 
On substituting the value of m from Eq. (6) and by use of Eq. (3) we 
finally obtain 


Ai=(REwN/4r)B,. (8) 


The increase in current Az, on illumination, is given by the galvanometer 
deflection. Theoretically E, could be evaluated absolutely by use of the 
spectrothermopile although with the sensitivity at our disposal the best 
that could be hoped for was a rough estimate of the energy over a very 
wide spectral range. Thus if R were known, an approximate estimate of 
B, in absolute value could be obtained. While this is a very indirect 
method of evaluating B, it would appear to offer greater possibilities 
than the direct determination of the absorption coefficient and the use 
of Eq. (3). For example Harrison’s data on sodium under dynamic 
equilibrium, as nearly as may be estimated from the tabulated measure- 
ments, indicate a mass absorption coefficient, on the short wave-length 
side near the limit, of k, = 3 X10~ or an atomic coefficient =k,p/N =107"®. 
Since Harrison and Slater present evidence that with the rapidly distilling 
vapor at the high temperatures employed there are about 50 times as 
many diatomic molecules as atoms, the consideration of this coefficient 
as an atomic constant is, of course, questionable; however, it may in- 
dicate order of magnitude. The physical process occurring in photo- 
electric absorption near the limit is the same for all alkalies so that caesium 
should have an atomic absorption coefficient of the same order of magni- 
tude as sodium. At the highest pressure we employed, 500 bars, an 
absorption coefficient of 10-18 would necessitate a tube 900 cm in length 
for an absorption of 50 percent. The experiment, therefore, is not promis- 
ing for observations under static equilibrium, whereas, by the photo- 


4 Harrison, Phys. Rev. 24, 474 (1924); Harrison and Slater, idem 26, 176 (1925). 
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electric method described, operation at much lower pressure, with a result- 
ing increase in the relative concentration of monatomic vapor, is quite 
satisfactory. 

We have attempted to evaluate R the efficiency factor of the tube. 
Measurement of the current produced by illumination when the filament 
is not heated should give the ion current plus the photo-electric emission 
from the filament, the latter being slightly negative to the cylinder. It 
was hoped that from measurements at different pressures, the second 
factor could be eliminated, but the’results were not sufficiently reprodu- 
cible. The data indicate that R is greater than 104 at the highest pressure 
employed and may be as large as 10° at lower pressures. . 

Kingdon® used a tube especially designed for the determination of R 
and in certain cases observed values as great as 300 times the mobility 
ratio of ions to electrons at low pressure, corresponding to 10° for caesium. 
He also found that R was proportional to the — 2/3 power of the pressure. 
Using data in Table I of our earlier paper, one finds that Az is proportional 
to p4, and remembering that N in Eq. (8) is proportional to p, this 
gives R as proportional to p~*S, in fair agreement with Kingdon. The 
factor R besides depending upon the general geometry of the apparatus 
involves the recombinations which occur between the ions and electrons. 
With the weak fields employed for our work, it is very sensitive to changes 
in applied potential or space charge as altered by varying the filament 
temperature. The space charge may be appreciably affected by intense 
illumination and the resulting production of ions, especially at the higher 
pressures. If however, the value of Az is not greater than possibly 1 per- 
cent of the total thermionic current 2, the direct proportionality between 
Az and F£, as a variable is quite accurately fulfilled; that is, R remains a 
constant. This relation was carefully checked by use of wire gauze absorp- 
tion screens and all of the observations recorded in the present paper are 
within the prescribed limit. One must finally consider whether or not R 
depends upon the frequency v. The tube is sensitive to the production of 
ions and insensitive to electrons. All the ions are of the same type regard- 
less of the radiation by which they are produced. The photo-electrons 
to be sure are ejected with a velocity dependent upon », but especially 
when present to only 1 part in 10’, in order of magnitude, of the normal 
thermionic current 7 it seems impossible that R may be affected by small 
changes in »p. 

Hence, according to Eq. (8), for Az small compared to 7 and with con- 
stant experimental conditions, i.e., vapor pressure, temperature, filament 


5 Kingdon, Phys. Rev. 21, 408-18 (1923); our R is equivalent to Kingdon’s a. 
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temperature and applied potential, Az is directly proportional to E,B,. 
Since H,=J,dy=J)dd or, considering the finite slit width, since 
FE,=J,Ad we have 


Ai= KJ,AB, (9) 


where K is a proportionality constant. The curves of Figs. 1 and 2 and 
the data in Table II represent relative values of Az/J,AX as a function 
of \. Hence, the ordinates of the curves give the relative values of the 
probability coefficient B, for a v value corresponding to the indicated . 
We believe that with especially designed apparatus the absolute values of 
B, may be obtained with some accuracy as indicated above, but for the 
present only relative values will be considered. 

Since B, is an atomic constant, it should be independent of the pressure. 
This is qualitatively confirmed by the geometrical similarity of the two 
curves of Fig. 1 and several other curves not here reproduced. There 
are no data available in the literature for direct comparison. The lower 
curve shows an apparent increase in photosensitivity between 2700 
and 2500. The evidence is based chiefly on the measurements with the 
mercury line \2537. Lawrence has suggested to us that this increase may 
arise from ionization of caesium molecules, an explanation consistent with 
his results for potassium vapor.® Another possibility is that merely a 
trace of mercury was present with the cycle of phenomena: absorption 
of 42537; excited mercury atom; collision of the second type; highly 
excited caesium atom; completion of ionization by collision. While 
the usual precautions were taken to exclude mercury by baking the 
apparatus, etc., a small amount in the caesium could not have been 
completely removed by distillation. Spectroscopic examination of the 
vapor in a discharge at 10 volts failed to show any mercury lines, 
but prominent lines of rubidium and potassium were observed. 
These impurities could not have been present in a concentration sufficient 
to have affected our data. The caesium chloride from which the caesium 
was prepared by distillation in the presence of calcium was supposed to 
be fairly pure. Several fractional distillations in vacuum were made at 
low temperature which should have increased the purity since both 
potassium and rubidium have one fifth the vapor pressure of caesium 
at 250°C. Finally the percentage impurity present in the metal is reduced 
in the vapor by at least the factor 5 on account of the vapor pressure 
ratio. No evidence for either of these impurities was detected in the 
photosensitivity curves which, with an appreciable impurity, should have 
shown increased sensitivity at the corresponding principal series limits. 


6 Lawrence, Phil. Mag. 50, 345 (1925). 
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In the x-ray range B, is fairly well known empirically as a function of 
vy or of X. Referred to a particular x-ray level it is a discontinuous func- 
tion equal to zero for wave-lengths greater than the absorption limit and 
is approximately proportional to 4 for shorter wave-lengths. Various 
attempts have been made to derive theoretically the form of the B, curve, 
notably by Kramers,’ Milne’ and Becker.® For an isotropic radiation 
field they find the relation between the probability of absorption of a 
quantum hy, resulting in ionization, and the chance of recombination 
of an ion with an electron of velocity v where » and v are related by the 
photo-electric equation 


Linv? = hy — hry (10) 


vy, being the limit of the absorption series. —The chance of recombination 
may be expressed in terms of the “‘effective collision area”’ g for an en- 
counter resulting in recombination. The general relation between B, 
and q'is 

B,/q=(v—»1)/v? X constant. (11) 


By the introduction of rather speculative assumptions as to the law of 
recombination, the following results are obtained. Kramers finds B, 
proportional to »~* or to At... Milne’s work leads to a proportionality 
between B, and y~ or \* in which he excludes its applicability to x-rays, 
although the argument for this is by no means apparent.!” Becker derives 
the relation 


1 (vy — 7»)? 
B,= = [1S xX constant. (12) 
(y—v) v3 Ay,? 
Eq. (12) is not applicable near the limit since it becomes infinite for 
y=. Fig. 3 shows the form of these three theoretical relations, expressed 
by B, as a function of \, together with our experimental values. The 3 
and the laws entirely fail in representing the data but satisfactory agree- 
ment with Becker’s equation obtains in the range \3050—2700. An 
empirical relation of the form B, = Baer ae where \i = 3184, and B,, is 
the value of B, at this wave-length, represents the observations in the 
range A3184— 2600. If the data by Harrison on the absorption of the 
mixture of sodium atoms and molecules at high pressure are converted 
into relative B, values by use of Eq. (3) the general shape of curve ob- 


7 Kramers, Phil. Mag. 46, 836-71 (1923). 

§ Milne, Phil. Mag. 47, 209-41 (1924). 

* Becker, Zeits. f. Phys. 18, 325-43 (1923). 
10 Milne loc cit. p. 229. 
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tained resembles our measurements, certainly in preference to a third or 
fourth power relation. 

For the spectral range 43050 to 2700 the second term in brackets in 
Eq. (12) is negligible. Hence on combining this expression with Eq. (11) 
one finds 


ys const. 
q= B, X const. = 
y—V, (v—v,)? 
and by Eq. (10) 
g=const./vt=const./V? (13) 


where V represents the velocity of an electron expressed in volts. This 
law is consistent with our observations between 0.15 and 0.5 volt. kor 
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Fig. 3. Observed absorption probability of the caesium atom as a function of \ and 
graphs of the theoretical relations derived by Milne, Kramers and Becker. 


lower voltages there is a wide departure. Eq. (13) is the Thomson law 
of recombination and cannot apply at low speeds since g must satisfy 
the condition that in Eq. (11) B, is finite when v=7. 

Photo-ionization by line absorption. The observed relative sensitivity 
for direct photo-electric ionization, on the short wave-length side of the 
limit, and indirect ionization at points corresponding to the principal 
series lines depends upon the resolution of the monochromator. If both 
entrance and exit openings are doubled, the width of spectrum trans- 
mitted and the energy flux at each point in the exit slit are approximately 
doubled. When the vapor absorbs a continuous band the energy avail- 
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able for photo-electric ionization is therefore multiplied by four. At 43200, 
the principal series lines are so close together that roughly the absorption 
may be considered as continuous so that even here the four-fold change 
in sensitivity should be expected, as illustrated by the data in Table I. 
If the absorption line is narrow compared to the slit width and lies in the 
spectral region corresponding to the first few terms of the principal series 
where the monochromator may differentiate definitely between the 
effects due to the adjacent members, doubling both slits approximately 
doubles the sensitivity of the tube. That is, the increase in heterochroma- 
tism of the beam produces no effect since the absorption is selective. 
At the low pressures employed, the absorption lines are very narrow so 
by decreasing the slit width the ordinates on the long wave-length side 
of a photosensitivity curve, such as Fig. 1, may be increased relative 
to those on the short wave-length side. Theoretically this process could 
be continued until the slits and absorption lines were of comparable width. 
The significance of the curve in the transitional region between these two 
conditions is therefore quite indefinite. 

Table III shows the relative sensitivity of the tube at wave-lengths 
corresponding to the six principal series lines 1s—4p to 1s—9, a spectral 
region, except possibly for the last line, which is outside of the transition 


TABLE III 


Photo-ionization by line absorption 
(Relative sensitivity at absorption lines) 


1s—4p Is—S5p 1s—6p 1s—7p 1s—8p 1s—9p 

eLeip. (3880) (3611) (3480) (3400) (3350) (3314) 
230.6 al .62 Aig 1.30 2.08 a0 
203 “12 64 Ton) 1238 1.90 255 
182 May Nae 1.24 2.00 23 
161 .66 1.0 1-23 2.00 2.8 
149 .70 1.0 1.36 1.98 3a 
134 60 ion 1.43 1.67 2.6 
128 .60 1.0 Less 1.32 1.9 


stage mentioned above. The small corrections for dispersion of the 
monochromator have been removed from these values since the lines are 
narrow compared with the slit width. The numbers represent the 
relative heights of the observed peaks measured from the axis of zero 
sensitivity thus neglecting the small effect due to scattered radiation. 
While the lines are somewhat superposed, the sensitivity contributed 
by one line to the observed peak of a neighboring line does not become ap- 
preciable for wave-lengths greater than 1s—9p. Some change in relative 
sensitivity at the peaks for different temperatures is indicated but for the 
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pressure range represented, 5 to 500 bars, it is surprising to find the data 
so nearly constant. 

The observed photo-ionization arises from a type of multiple excitation. 
From the data presented in the first paper, it was concluded that atoms 
in an excited state having a low ionization potential as a result of line 
absorption, may be ionized by collision with other atoms. The values 
given in Table III permit an extension of this idea. The probability of 
ionization depends upon at least three factors: (1) probability of absorp- 
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Fig. 4. Observed photosensitivity, represented by circles, of the caesium atom on 
the long wave-length side of the 1s limit. The curve FB,;, except for a small variable 
and unknown factor, is the probability for the occurrence of the physical process re- 
sponsible for the sensitivity. 


tion, (2) chance that the kinetic energy of collision is sufficient to complete 
ionization and (3) chance that the excited state persists or is passed on 
by resonance until collision occurs. 

The first factor depends upon the probability B, that the atom in the 
normal state 7 absorbs a quantum and passes over to the state 7. These 
probability factors are unknown for the caesium lines here concerned but 
Ladenburg" has shown that the principal series of the alkalies are much 


4 Ladenburg, Zeits. f. Phys. 4, 451-68 (1921). 
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alike in this respect so we may use the data by Harrison” for the relative 
probabilities in sodium. The chance of ionization by collision from an 
excited mp state may be estimated roughly by use of the kinetic gas 
theory. In the earlier paper this factor was designated by F. The third 
probability is unknown but is nearly unity at higher pressures. Fig. 4 
shows the relative, observed photosensitivity at the successive -lines, 
plotted as circles, and relative values of F and FB;; for two temperature 
ranges. Qualitatively the agreement is excellent. 

It is of interest that these experiments on the long wave-length side 
of the photo-electric limit yield a map of the principal series somewhat 
similar to an emission spectrum, yet no emission is taking place; in fact 
the sensitivity depends upon the suppression of the emission. 

The authors desire to thank Dr. Sebastian Karrer of the Fixed Nitrogen 
Laboratory for lending them the quartz monochromator. 
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LAWS GOVERNING THE PULLING OF ELECTRONS 
OUT OF METALS BY INTENSE ELECTRICAL FIELDS 


By R. A. MILLIKAN AND Cart F. Eyrinc 


ABSTRACT 


Current from thoriated tungsten filaments in vacuum, due to radial fields 
of up to two million volts per cm.—Three filaments were tested, each .00123 cm 
in diam. and suspended under tension in the axis of a copper cylinder of 1.6 cm 
diam. From the dimensions, the radial field at the surface of the filament was 
228 times the applied potential difference. The electron currents pulled from 
the tungsten by the high fields (field currents) rise steadily from 107 to 1078 
amp. as the field is increased from about 400 to 1100 kv/cm. In the dark, 
luminous spots were seen on the anode, indicating that these currents come 
from a few active surface spots. The field current (for a given voltage) depends 
on the value of the maximum field current previously drawn from it (con- 
ditioning current), being reversibly reproducible below the conditioning 
current. The higher the conditioning current, the lower the field current. A 
previous heating to high temperatures (2400°C) decreases the field current 
and also decreases the slope of the current-voltage curve. Both effects (current 
and heating) show fatigue. Variation with temperature of the filament, to 800°C. 
The field currents are completely independent of temperature up to 700°, but a 
temperature of 800° increases the currents due to a given field when this is 
sufficiently large, by a factor which is roughly independent of the current 
(10-8 to 10~* amp.). Electron theory. In explanation of these results, it is 
suggested that the field currents are due to conduction electrons pulled from 
minute peaks on the surface, the fatigue effects:of both current treatment and 
heat treatment being due to the rounding off of these peaks by positive ion 
bombardment or by temperature. Chemical changes may also alter the surface. 
The lack of dependence of field currents upon temperature furnishes strong 
evidence that most of the conduction electrons do not share in the energy of 
thermal agitation. The thermions, however, do share in this energy; they are 
presumably responsible for the Peltier and thermo-electric effects. In this 
theory it is assumed that conduction electrons follow the same sort of quantum 
laws in their escape from the solid as do atoms of a light element at temperatures 
far below the boiling point. 


2 


I. INTRODUCTION 


HE experiments of Earhart,! Kinsley,’ Hobbs,? Hoffman,‘ and 
Lilienfeld,’ a previous investigation by one of us,® and the theoreti- 


1 Earhart, Phil. Mag. 1, 147 (1901); Phil. Mag. 16, 147 (1908). 

* Kinsley, Phil. Mag. 9, 692 (1905). 

8’ Hobbs, Phil. Mag. 10, 617 (1905). 

4 Hoffman, Verh. d. Deutsch Phys. Ges. 12, 880 (1910); Phys. Zeits. 11, 961 (1910); 
Zeits. f. Physik 4, 363 (1921); Phys. Zeits. 13, 480, 1029 (1912); Ann. d. Physik 42, 
1196 (1913); 52, 665 (1917). 

6 Lilienfeld, Akad. d. Wiss. Leipzig, Ber. (Math. Phys. Kl) 62, 31 (1920); Verh. d. 
Deutsch Phys. Ges. P. 11 (1921); Phys. Zeits. 20, 280 (1919); Phys. Zeits. 23, 506 (1922). 

6 Millikan and Shackelford, Phys. Rev. 15, 239 (1920). 
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cal discussion of Schottky,’ all indicate that electrons may be pulled out 
of metals by intense electrical fields. In particular the experiments of 
Hobbs, which were suggested by and carried out under the direction 
of one of the present authors, made possible the computations 
of the field strengths at which this effect begins to appear. 
Many years ago the first of us made these computations and then 
endeavored to check the values obtained by new experiments made 
with spherical electrodes about 1 mm apart in the highest obtainable 
vacuum. After continuing this investigation with many modifications 
intermittently for a considerable number of years it became evident 
that in a vacuum so high that the gas plays no further part in the dis- 
charge, the potential gradient at the metal surface necessary to obtain 
a discharge is exceedingly variable even for the same metal surface. 
The most recent of these results were published very briefly in 1920. 
It was found that with clean untreated surfaces—two crossed tungsten 
wires, size No. 18, placed a small fraction of a millimeter apart—a first 
leak, as measured on a tilted electroscope, was obtained at a gradient 
of from 100,000 to 500,000 volts per centimeter. When heated to red 
heat and then cooled, these same surfaces gave a first leak at from 
400,000 to 700,000 volts per centimeter. After heating to 2700°K the 
first leak was pushed up to 4,300,000 volts per centimeter and the first 
spark up to six million volts per centimeter. The present investigation 
is a continuation of this attempt to see just how far surface conditions 
control the field strength needed to pull electrons out of cold metals, 
and how “‘field-currents’’ depend upon field-strength, temperature, etc. 


Il. APPARATUS AND METHOD 


Since we wished to make the distance between the electrodes of the 
order of a centimeter it became necessary to design the apparatus in a 
manner such that the field intensity at the surface to be investigated 
would be yery large because of the small radius of curvature of the surface 
and such advance as we have here made has been due primarily to this 
condition. Accordingly a tungsten wire of .00123 cm diameter was 
placed at the axis of a copper cylinder of 1.625 cm diameter. From these 
dimensions the field strength F at the surface of the wire becomes 

F=228 
where ¢ is the difference in potential between the electrodes. 

The tungsten wire W and the copper cylinder C were placed in a 
Pyrex glass tube as shown in Fig. 1. The wire is kept taut by a four- 
gram iron weight J, and is adjusted so as to be in the axis of the cylinder. 


"Schottky, Zeits. f. Physik 14, 80 (1923). 
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Two leads are connected to either end of the fine wire and then brought 
through a seal in the upper part of the tube. It is thus possible to send 
a current through the tungsten wire and thereby to heat it to any 
desired temperature. When the wire is heated to temperatures over 
1100°K the iron weight is lifted by means of an electromagnet, E. 
With this arrangement one may keep the wire taut at low temperatures 
and yet be insured against its breakage at high temperatures. 
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Fig. 1. Diagram of apparatus and electrical connections. 


The cylinder is supported by a large tungsten wire that is sealed into 
the post P. This post has a glass sleeve to protect it from becoming 
coated with a deposit of copper when the cylinder is heated to bright 
redness in the process of denuding it of gases, otherwise the post might 
lose its insulating properties. An earthed guard ring is placed around 
the post P so that in case a charge should leak over the inside of the 
glass, none of it would reach the cylinder. The large tungsten wire 
passes through the seal in the post to the outside of the tube where it 
is joined to a copper wire leading to the tilted electroscope. A small 
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glass tube is sealed to the main tube in such a manner as to enclose 
this conductor which is then electrically shielded by covering the glass 
with earthed tin-foil. 

An electric heater surrounds the main glass tube. The metal cylinder 
on which the heating coils are wound is grounded and thus the heater 
serves as an electric shield for the tube. A grounded guard:ring is 
placed at A to keep the outside of the tube from becoming charged 
when a high potential is applied. 

Direct current generators are used as the source of high potential, 
the maximum voltage available being 12000 volts. In series with the 
generators is placed a resistance of a million ohms to protect the appa- 
ratus should a short circuit be established between the wire and the 
cylinder. A Max Kohl electrostatic voltmeter V, calibrated in place, is 
used to measure the potential applied between the wire and the cylinder. 
A tilted electroscope T and a galvanometer G provided with a variable 
shunt are used to measure the “‘field-current’”’ between the wire and 
the cylinder. The wire to the galvanometer is disconnected at R when 
the tilted electroscope is being used. 

After properly baking the tube and charcoal trap during exhaust, a 
pressure of less than 10-* mm of mercury was obtained. The tube would 
stand over night with liquid air on charcoal and mercury vapor traps, 
and then show no measurable pressure on the McLeod gauge (reading 
to less than 10-> mm), and when the pumps were running, as was always 
the case during observations, the pressure was certainly far below 10~° 
though no attempt was made in these particular experiments to measure 
it accurately. However, with the use of high speed mercury pumps, wide 
openings, charcoal in liquid-air, and precautions for denuding, the 
vacua here used were presumably as high as can now be produced. 

At the proper time in the investigation the cylinder was heated to*— 
cherry red for from eight to twelve minutes by electronic bombardment. - 
The bombarding potential was 2,000 volts and the bombarding current 
100 milliamperes. The filament used as the source of thermions is 


stretched in a series of zigzags around and within half a centimeter 
of the cylinder. This part of the apparatus is not shown in the figure. © 

If the wire is to be heated simultaneously with the application to it 
of a potential, the apparatus used to furnish and measure the heating 
current is placed on an insulated stand. Using data published by 
Langmuir® the temperature of the wire is obtained from the value of 
the current in the wire and its diameter. 


8 Langmuir, Phys. Rev. 7, 302 (1916). 
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Observations were taken on three specimens of thoriated tungsten 
wire. These pieces were from the same spool and, as explained above, 
had a diameter of .00123 cm. When a new wire was introduced the 
tube was opened up, the wire supplied, and the tube sealed up again. 


LES RESULTS 


(a) The rapid rise of ‘‘field-current’”’ with increasing potential gradient 
and the reversibility of the process. The wires will be numbered I, IJ, IIT, 
the numbers indicating the order in which they were investigated. 
Fig. 2 presents the data obtained for wire I which had received no heat 
treatment other than that involved in baking out the tube, but which 
had been “conditioned,” as explained below, by a .42 milliampere 
“field-current” (the current between the wire and the cylinder due to 


© increasing gradient 
e decreasing gradient 
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040 050 060 070 080 090 100 110x10° 0.30 040 050 0.60 070 080 090x10° 
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Fig. 2 Eigse 3 


Fig. 2. Variation of the logarithm: of the ‘‘field-current”’ with potential gradient, for 
wife I, ‘‘conditioned”’ by a .42 m.a. “‘field-current.”’ 
Fig. 3. Variation of the logarithm of the ‘‘field-current” with potential gradient, for 
wire II, during and after ‘‘conditioning.” 


the pulling of electrons from the tungsten wire by the field alone). The 
figure clearly shows that for a clean “‘field-current-conditioned”’ tungsten 
surface, but not heat-treated, the “‘field-current’’ increases more than ten- 
million-fold with a threefold increase of potential gradient, i.e. a gradtent 
varying between .40X 10° and 1.13 X 10° Volt cm. These data further show 
that for “‘field-currents’’ lower than the current which conditioned the surface 
the process 1s quite accurately reversible. 

(b) Conditioning the surface by means of “‘field-current.” “‘Field- 
currents” drawn from the surface for the first time, or for the first time 
after some sort of heat treatment, generally produce a permanent effect 
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upon the surface, a sort of fatiguing effect that makes it more difficult 
to pull out electrons thereafter. This is shown in Fig. 3 which presents, 
in the upper curve, the first observations taken on wire II. After push- 
ing the current up to the maximum shown, the currents obtained with 
diminishing applied potential are all below the corresponding value on 
the first rising-potential curve. However, the curve then becomes 
nearly reversibly reproducible until the current is pushed up above its 
former maximum value, an operation that again lowers the “field- 
current” for a given gradient. When the emitting surface has once 
been ‘‘conditioned” by drawing from it a large field current, and is not 
then subjected to further conditioning by current or by heat, it seems 


o increasing current 
e decreasing current 


oA 060 0.80 100. 1.20 1.40 1.60 1.60X10° 
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Fig. 4. The curves from left to right represent the data obtained on “‘current-con- 
ditioned” wires which have been heated to 700°K, 1300°K and 2700°K respectively. 


to remain fairly constant and the current to become nearly reversibly 
reproducible (Fig. 3). But intense heat treatment modifies this condi- 
tion as explained in connection with the data represented in Fig. 4. 

Further, field-currents may be drawn for hours at a time without 
changing appreciably the “critical” potential gradient? except in the 
case of surfaces which have undergone intense heat treatment, and in 
this case the change due to the heat treatment does not appear to be 
permanent. 


®In what follows, “‘critical’’ gradient is the potential gradient needed to produce a 
“field current” of 9.7 10- amp. 
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In one case a gradient of 1.7 X 10° v/cm applied to a surface which had 
been subjected to extreme heat treatment produced what we shall speak 
of as a rupture of the surface, for the “‘field-currents”’ increased slowly 
until this gradient was reached and then suddenly jumped up a thou- 
sandfold. Two definite spots on the anode opposite the regions of 
rupture appeared for the first time and these regions gave off nearly 
the whole of the current, for only two spots could be seen on the outer 
surrounding cylinder. Not only was the current for a given gradient 
increased, but the “critical” gradient was changed from 0.74X10® to 
0.4810 v/cm. This observation was made on wire III. No similar 
effect was observed on the other wires. 

(c) Conditioning the surface by heat treatment. The effect produced 
by heating the wire is so dependent upon the way the impurities on 
the surface respond to different temperatures, that we shall divide the 
results of heat treatment into a number of parts, using the temperature 
range as the criterion of division. 


TABLE I 
“‘Critical’”’ gradient® Maximum temp. 
Wire before baking after baking of baking 
I 0.48 x 10°v/cm 0.37108 v/em 360°C 
I 0.40 0.38 420°C 
IT 0.40 0.34 420°C 


Long baking of the whole tube at 400°C reduced very slightly the 
critical potential gradient of a “field-current-conditioned”’ wire, this 
in spite of the fact that no change ever took place when the tube stood 
over night, or for a number of days, provided the vacuum was main- 
tained during this time. The small, but apparently real, change 
with baking is shown by the data of Table I. 


TABLE II 
“Critical” gradient Total time of 
Conditioning after ‘‘field-current’’ conditioning heating after con- 
“field-current’’ (before heating) (after heating) Temperature ditioning 
0.70 m. a. 0.41 0.32 900°K 10 min. 

0.24 0.41 0.38 900 {5 
0.24 0.41 0.41 900 10 
0.24 0.41 0.24 1100 5 
1.05 0.40 O27 1100 15 
0.24 1100 30 
a2 2 1100 45 
O22! 1100 60 
0.22 1100 90 


Heating wire II at 900° to 1100°K largely reduced the “‘critical” 
gradient of a ‘“‘current-conditioned” surface. The “critical” gradient 
was re-established, however, by the ‘“‘current-conditioning”’ process; in 
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fact the phenomenon is roughly reversible, but becomes less pronounced 
with continued treatment as may be seen from a consideration of the 
data of Table II. 

The effect of raising the tungsten wire to a very high temperature is 
to increase markedly the critical gradient. This is shown in Table III. 
It checks a result previously found by Millikan and Shackelford (I. c.). 
This increase in critical gradient with intense heat treatment is not 
permanent but disappears on long standing as though the surface 
underwent slow chemical change. 


TABLE III 
Temperature Total time of heating at the Resulting ‘‘critical” gradient 
particular temp. 
1100°K 10 min. 0.39 108v/cm 
1300 10 0.39 
1500 10 0.31 
25 0.26 
40 0.29 
1700" 20 0.27 
1900 10 0.57 
25: 0.46 
40 0.34 
oe 0.61 
1800 15 0.46 
30 0.42 
45 0.68 
2300 10 0.74 


(d) Slope of ‘“‘field-current’’-gradient curve a function of “critical” 
gradient. The rate of increase of the “field-current” with the potential 
gradient is large when the “critical”? potential gradient is small and vice 
versa. This is clearly shown in Fig. 4. It is also an observation which 
had been made previously by the first of the authors. Further, the higher | 
the “‘critical’’ gradient, which corresponds to a higher temperature in the 
heat treatment, the less the constancy and the less the reversibility of the 
field-current-gradient curves. This is shown clearly in Fig. 4. 

(e) The “‘field-currents” in general have their origin in.a few minute 
surface spots. For small currents, less than 10-* amperes, and for corre- 
sponding potentials less than 4000 volts, the tube remains perfectly 
black as viewed in a darkened room. (Currents lower than these may 
produce a luminous effect if the potential is sufficiently high.) For 
larger currents luminous spots begin to appear on the inner surface of 


10 This temperature and those below it may be too high by 100° to 200°. 

41 This decrease in critical gradient at 1900°K is probably due to thorium which first 
comes to the surface at this temperature and on continued heating evaporates from it 
(see Langmuir, Phys. Rev. 22, 357 (1923)). 
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the cylinder and fluorescent spots to appear on the glass wall directly 
out from the top of the cylinder. The spots must be due to streams of 
electrons shot out from active spots on the surface of the wire. 

The patches of light on the cylinder are reddish-grey in color and as 
viewed through a direct-vision prism seem to have a continuous spec- 
trum. However, this point should be tested more carefully in an appa- 
ratus designed for this purpose. 

As the “‘field-current” increases the spots become brighter and new 
spots may appear. Some of the spots are fixed in position and for a given 
current, constant in luminosity; others are slightly changeable in posi- 
tion, and before a steady current state is reached, rather changeable in 
intensity, and even when the current appears steady there is some 
variation in these points. 


TABLE IV 

Wire “Critical’’ gradient 

300°K 900°K 
I 0.415 x<108v/cm. 0.408 X108v/cm. 
0.409 0.410 
0.417 0.408 
0.417 0.410 
0.413 0.410 
0.413 

I 0.670 0.672 
0.672 0.670 
0.670 0.655 
0.655 

II 0.730 0.730 
0.741 0.736 
0.741 0.741 
0.741 


Sometimes in the “current-conditioning”’ process, very brilliant spots 
spring into existence. This is well illustrated by the action of wire II. 
An irregularity was noticed in the “field-current”’ and on looking into 
the tube a new spot was seen on the cylinder near its center. The spot 
was changeable in intensity but fixed in position. Its intensity slowly 
decreased and its luminosity became more steady. Thereafter, the 
current ceased to fluctuate. Another interesting case is that mentioned 
under (b) in connection with the study of wire III. The wire had been 
heat-conditioned and was giving off very small “field-currents’”’ con- 
sidering the magnitude of the potential applied. There were only 
slight traces of luminosity. The next small increase of potential pro- 
duced the thousand-fold increase in current and two luminous spots had 
sprung into existence. They furnished practically all of the “field- 
current,” which was rather unsteady. These spots were fixed in position, 
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but very changeable in intensity. The luminosity slowly decreased with 
continuous operation and the current settled into a more or less steady 
state. 

(f) The “critical” gradients and the “‘field-currents’’ are completely 
independent of temperature between 300°K and 1000°K. Only data for 
the temperature of 900°K will here be recorded, although the effect of 
lower temperatures was investigated. Wires I and II were studied for 
this effect; the different “‘critical” gradients for the same wire are due 
to the previous conditioning process. The results are recorded in Tables 


IV and V. ve 
TABLE V 


Potential Potential 


. . “Field current’’ (amp.) 
ic nN 
Ny Takao Boake 900°K 300°K 900°K 300°K 
II 1730. 0.39105} 9.7X10-2 9.7X10-2 9.7x10-2 9.7 10-2 

2500 0.57 | 9.0x10-§ 9.0X10-8 9.010-§ 9.0%10-8 
3000 0.68 1.9X10-° 1.8X10-° 1.8X10-8 1.81075 
3500 0.80 | 6.0X10-° 6.0X10-° 5.7<10-8 5.71075 
4000 0.91 4.4X10-° 3.9X10-5 4.2%10-5 4.1105 
4550 1.04 | 2.4X10~ 2.3X10-! 2.3K10-4 2.3%10-4 
4000 0.91 | 4.2xX10-° 4.2X10- 4.4%10-5 4.41075 
3500 0.80 7.2X10-6 7.1X10-6 = 7.210-* ~—- 7.2108 
3000 0.68 | 6.9X10-7 6.3X10-7 7.2X10-7 6.9%10-7 
2500 0.57 | 3.0X10-§ 3.0X10-8 3.0X10-8 3.0%10-8 
1810 0.41 9.7X10-2 9.7102 9.7%10-2 «9.7K 10-2 

I 8450 1.92 | 9.0X10-7 9.01077 


(g) The ‘critical’ gradients and “‘field-currents’”’ with a tungsten wire 
at 1100°K. (The wire is of a just-visible-red color.) The extent of the 
lowering of the “‘critical” gradient with this temperature depends upon 
the magnitude of the “critical” gradient at ordinary temperatures, 
zero effect being observed for very low gradients and a considerable effect for 
higher gradients (Table VI). The magnitudes of the “critical”? gradients 
at ordinary temperature are, of course, the result of past treatment of 
the surface. Further, when the gradient is sufficiently high so that the 
field-currents at 1100°K are observably higher than those at 300°K, 
the percentage of increase in current due to this 800° rise in temperature ts 
quite as high for large currents (1074 amperes) as for currents of one thou- 
sandth, or even one ten thousandth of this value, thus showing definitely 
that field currents and thermionic currents are not entirely independent 
phenomena, (See §IV(f), below) since otherwise their effects would be 
additive. (See Table VII for the experimental data.) 
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IV. INTERPRETATION OF THE FOREGOING RESULTS 


(a) Field currents due to “conduction” electrons. The magnitude and 
the reversibility of the foregoing field-currents indicate that the elec- 
trons which are pulled out of a metal by a sufficiently intense field are 
the free or conduction electrons” of the metal, as Schottky’ has pre- 


TABLE VI 
“Critical’’ gradient 
Wire 300°K 1100°K 
(volts/cm) (volts/cm) 
II 0.212 «108 0.212 x 10° 
UsZ1e O.212 
0.214 Weed ie 
0.216 0.214 
09215 
Crs by. 0.310 
Ov31/7 0.310 
027315 
0.450 0.358 
0.456 0.360 
0.458 0.364 
0.800 0.560 
0.800 0.561 
0.792 0.560 
I 0.402 0.315 
0.402 0.319 
0.399 0.322 
0.400 0.335 
0.399 0.335 
0.399 
TABLE VII 
Potential Potential d Wicienene Conn) 
Wire difference gradient : g 2 2 
(volts) (volts/cm) 300°K 1100°K 300°K 
I 2600 On5or a0 9172541072 Les Ore Log Oe 
3050 0.70 eo 107" 1.41077 biel A et 
3500 0.80 6205<107! e SOCL0s* 6/010 
4000 0.91 ALS< 107° 4291054 4.4107 
4400 1.00 i LOE 224 107 yA ee a tas 
4750 1.08 Bea 1G ano x OR! 5.4X10™% 
5000 1.14 i AV ah ie! ToL GOs 1.05510" 
4800 1.09 a gael ee 659K 1055 6.010% 
4200 0.96 Tee Col Ur, haa aN iy Lael 
3750 0.85 ed x4 Oe Lehi? ed LOT * 
3200 Oo72 Dea x105" Sukie One 2.4 X%10-% 
3000 0.68 D0 LU oe PU 10? 


12 Conduction electrons are here defined as those that are responsible for the Ohm’s 
law effects. They are free merely in the sense that there is no assignable lower limit to 
the e.m.f. that is required to set them streaming through the conductor. 
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viously assumed. For first, such large and constant electronic flows, of 
indefinite duration, would exhaust any other conceivable supply; 
second, the forces that are here involved are of an altogether different 
order of magnitude from those necessary to detach any bound electrons 
of which we have any knowledge. Thus the radiating potential of an 
atom which holds its outer electrons as loosely as does even sodium, 
for example, is about 2 volts, and by the application of these 2 volts, 
the electron is lifted through a distance of about 2X10~* cm, 1.e. from 
the normal position to its first excited position in which the diameter of 
the atom is about three times its normal diameter.* The lower limit 
to the field-strength, then, which would be required to pull off the 
electron of sodium from its normal position should be about 2/2 107° 
— 100,000,000 volts per cm. But these experiments show that field- 
currents begin to be obtained with the application of a field-strength 
(potential gradient) of less than 1/200 of this, or 500,000 volts per cm. 
No bound electron, then, of which we have any knowledge, i.e. no elec- 
trons which may be regarded as belonging to particular atoms, are held 
so loosely as to make it at all possible to consider them as the electrons 
which here escape. We therefore regard our fields as reaching sufficiently 
into the metal to get hold of and pull out some of its conduction electrons. 
(b) Effect of sub-microscopic irregularities. The field-currents here 
studied consist of electrons which escape only from isolated points on 
the surface where the work function b has been enormously reduced by 
microscopic geometrical roughnesses, or chemical impurities, or both. 
The spotted character of the glow on the anticathode is sufficient proof 
that the discharge actually does come only from specially favored points 
on the cathode. Further, Schottky’ has pointed out that it would re- 
quire a field-strength of the order of 100,000,000 volts per cm merely to 
counteract (at a distance of 10~$ cm, where the electron may be assumed 
to start) the image-force due to an electron escaping from a plane surface; 
so that neither free nor bound electrons could possibly be pulled away 
from such a plane surface by the fields used in the foregoing experiments. 
We.can, however, call upon geometrical roughnesses in the surface, of 
large dimensions in relation to molecular diameters, to reduce the re- 
quired forces to the observed values. Chemical impurities may ob- 
viously assist somewhat in developing such weak points in the surface. 
(c) Conditioning effects of currents, presumably due to posttive-ton bom- 
bardment. The conditioning of the surface by means of strong field 
currents is presumably due to the battering down or rounding off by — 


18H. A. Stuart, Zeits. f. Physik 32, 262 (1925). 
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positive-ion bombardment of the microscopic mountain peaks which 
act as the electron-emitting points of the surface. 

The most sensitive means that we have of measuring extremely high 
vacua is the ionization manometer or Buckley gauge.“ With this gauge 
electron currents of the order of milliamperes, such as are here obtained, 
produce enough positive ions to be easily measurable in the highest 
vacua that have ever been produced. The electron currents obtained in 
the present experiments come from a very few points and hence con- 
stitute extraordinarily dense electron streams, or pencils, following the 
direction of the lines of force at the surface. The positive ions formed in 
these pencils must in these very intense fields return along the same lines 
of force and bombard almost exclusively the points in the surface at 
which the electron pencils originate. This theory accounts very satis- 
factorily for the observed dimming of an anticathode spot with time, 
the sub-microscopic protuberance having been gradually beaten down 
into insensitiveness by this bombardment. 

(d) Conditioning effect of heat treatment due to geometrical and chemical 
changes in the surface. The lowering of the critical gradient by general 
heat treatment (Tables I and II) is presumably due to the contamina- 
tion of the surfaces by emitted gases, while the large increase in the 
critical gradient by the intense heat treatment of the emitting wire 
(Table III) is due to the rounding off of surface irregularities supple- 
mented by the removal of surface impurities. 

The rounding off of protuberances either by heat or by bombardment 
should produce all the effects shown in Fig. 4, namely, (1) increase of 
critical gradient with treatment since both kinds of treatment should 
reduce the protuberances; (2) decrease of rate of rise of field-currents 
with applied potential, since the contrast between the peak and its 
surroundings has been reduced by the treatment and the surface con- 
centration of the field and also of the positive ion bombardment at the 
sensitive point has become less pronounced; (3) decrease of reversibility 
with increasing critical gradient, since heavy bombardment from a 
strong gradient ought to modify a surface more than would gentle © 
bombardment from a weaker one. Indeed, with increasing critical 
gradient, i.e. increasing energy of bombardment, there is evidence that 
a definite rupture point of the surface is more and more nearly ap- 
proached. When it is reached a disruptive discharge occurs by which the 
cathode may become pitted. This has been shown by point-to-plane 
discharges. 


4 O, E. Buckley, Nat. Acad. Sci., Proc. 2, 683 (1916). 
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(ec) New proof that the energy of conduction electrons 1s independent of 
temperature. The only preceding theoretical treatment’ of field-currents 
assumes them to be composed of thermions escaping under their own 
energy of agitation through a boundary weakened by the external field. 
This conception is, we think, altogether irreconcilable with the fore- 
going data. Indeed, the entire independence upon temperature” of the 
field currents over a range of 700°C constitutes new and striking evi- 
dence that “equipartition’”’ does not hold at all for the bulk of the 
conduction electrons in tungsten at ordinary temperatures. For when 
these conduction electrons escape as thermions, the law governing their 
escape is 

t=AT%e OO" (1) 
in which } is the work function of Richardson. The correctness of this 
thermionic equation is attested by a vast amount of experimental | 
work. Now the effect of an externally applied field of such direction as to 
pull out electrons should be simply to weaken the effective value of the 
work function 0 and leave 7 in the foregoing equation varying as rapidly 
with 7 as it always does in thermionic experiments. The fact, then, that 
in the present experiments 1 is not at all dependent upon T over a 700° 
interval means that the electrons pulled out by the fields here used are not 
thermions at all. They might become such at high enough temperatures, 
but at temperatures up to 1000°K the electrons here pulled out can have 
no assistance at all from temperature in getting out, i.e., they do not share 
in the thermal energy of agitation of the atoms. 

A little, but somewhat uncertain, evidence for this conclusion has 
been previously obtained by Davisson and Germer,” who could bring 
their two independent methods of measuring 0 into agreement within 
one per cent if the electrons within the metal had zero energy, while a 
discrepancy of 2.7 per cent appeared if the conduction electrons had 
the energy 3k7/2. The evidence derived from the specific heats of 
metals is inconclusive, because the number of conduction electrons 
within a metal is entirely unknown. The present evidence, on the other 
hand, appears to be direct, accurate, and unambiguous for the non- 
participation of the great bulk of ‘‘field-current electrons” (conduction 
electrons) in thermal motion. There must of course be sufficient par- 
ticipation by a few conduction electrons to account for the Peltier 
and thermo-electric effects, but this is quite consistant with the quan- 
tum theory considerations here employed. 


18 Lilienfeld (l.c.) also reports such independence. 
16 Davisson and Germer, Phys. Rev. 20, 300 (1922). 
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The energy of agitation of electrons within tungsten at ordinary 
temperatures must be altogether analogous to that of the atoms of 
solid elements at temperatures far below that at which Dulong and 
Pettits’ law holds. The occasional atoms which escape from such a 
solid follow the Maxwell distribution law!’ and are in thermal equi- 
librium with the outside vapor, which obeys in all respects the gas 
laws, but the great mass of the atoms within the solid are devoid of 
energy of agitation and would be so found if a Maxwell demon could 
reach in and examine them as the field in the foregoing experiments 
reaches in and examines the state of agitation of the conduction elec- 
trons of the tungsten. From the point of view here taken the conduction 
electrons are simply the lightest of the elements which, at ordinary tempera- 
tures, have taken on practically no kinetic energy, t.e , have zero specific 
heat, and which reach equipartition only at very high temperatures. Those 
of the conduction electrons which at any temperature have escaped from 
this zero-energy condition are the thermions. If they carry the total atomic 
heat of the electrons and if this atomic heat follows the usual quantum 
law, then their number should increase, at low temperatures, with T°. 
This would be consistent with Eq. (1). 

(f) Relations of field-currents and thermionic currents. We have just 
seen that at low temperatures field currents bear no relation to thermionic 
currents and that their observed properties lead to the conclusion that 
the conduction electrons constituting them possess no agitational 
(temperature) energies at all. But as shown in Table VII, at 1100°K 
thermionic currents of measurable magnitude (10-" amp.) begin to 
appear from tungsten and consequently the thermionic equation begins 
to show evidences of having a role to play in the character of the emis- 
sion. Thus with increasing potential gradient, the value of the effective 
work function } is continually reduced and hence the value of the 
thermionic part of the current (the increase at 1100° over that at 300°) 
continually rises as is beautifully shown in Table VII so that it makes 
as large a percentage of the total current when the latter is 10~* amperes 
(potential difference 5000 volts) as when it is 10-§ amperes (potential 
difference 2600 volts). 

Quite similarly, as shown in Table VI, strong fields begin at this 
temperature to bring into evidence the thermionic part of the current 
when weak fields are unable to do so. In other words, when the tem- 
perature is reached at which the number of thermions escaping without 
external field is at all comparable with the number constituting the 


17 See Germer’s recent proof that the Maxwell distribution law holds accurately for 
thermions escaping into a high vacuum, Phys. Rev. 25, 795 (1925). 
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field current at what we have called the critical potential gradient, 
the decrease in b due to increasing field pushes up the number of emitted 
thermions (the electrons coming out in accordance with Eq. (1)) 
slightly faster than the increase in field pulls out field-electrons. 
Another way of saying this is that field currents are a less rapidly rising 
function of the field than are thermionic currents (those following 
Eq. (1) with } regarded as a function of the applied field F.) 
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Fig. 5. Variation of the logarithm of the field current with the square 
root of the potential gradient. 


A check on this conclusion may be obtained as follows: If the field 
currents were made up wholly of electrons, following Eq. (1) we could 
compute the relation between 7 and F if we knew how the effective 
work function 6 is diminished with increasing F. For sufficiently small 
values of /’, where it is just beginning to influence } appreciably, it is 
possible to compute what sort of function of F the effective value of 
the work function is. For at a sufficient distance x; from the surface 
of the wire (a distance large compared to the surface irregularities) it is 
the image-force alone which must be overcome to cause the electron 
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to leave the surface. The value of this image force per unit charge is 
e/4x;._ Every electron must escape which reaches the distance x; at 
which e/4x;? = F, i.e., at which x1 =~+/e/4F. Now the total work neces- 
sary to bring an electron out to x; is the work 0p necessary to bring it 
up to the point x» at which the image law begins to be valid plus the 


integral f (e/4x°—F)edx. That is, the work function is 


V e/4F SaCe 
bot f (e/40?—F)edx =bote?/4a9—~V e*'F +eF xo 


Since xo is very small (10~* cm) the last term may be dropped while the 
first term is the total work necessary to bring the electron out when there 
1s no field. Hence b—~/e’F is the work function in the presence of an 
external field F and the thermionic equation becomes i =A T"e~ @-V“P)/7_ 
This equation shows that when J is constant and F alone varies 
log ix »/F. This equation should hold so long as all the escaping elec- 
trons are brought up to the point x, by their own energy of agitation. In 
other words, it should govern the increase in ordinary thermionic 
emission due to a relatively weak field F. Schottky! states that he has 
tested it for this case and found that the plotting of Jog i against ./F 
yields a straight line. 

When, however, we plot for our cold wires log 1 against \/F using the 


data given in Figs. 2, 3, or 4 we do not obtain a straight line but instead a 
curve continually concave toward the »/F axis (see Fig. 5). This means 
that our field currents do not rise as rapidly with increasing F as 1s de- 
manded by the thermionic equation. This is precisely the conclusion we 
drew from the data in Table VI. 

All of our observed phenomena have now been rendered intelligible 
with the aid of the conceptions which we have herein used. 


NORMAN BRIDGE LABORATORY OF PHYSICS, 
CALIFORNIA INSTITUTE OF TECHNOLOGY, 
October 25, 1925. 


18 Schottky, Jahrb. d. Radioakt. 12, 203 (1915). 
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THE FIVE ALKALI METALS UNDER HIGH PRESSURE 
By P. W. BRIDGMAN 


ABSTRACT 


Effect of high pressure on the melting constants, electrical resistance and 
volume of the alkali metals.—(1) New data for Rb and Cs, presented in detail 
elsewhere, are given in three tables. Then, since similar data have previously 
been obtained for Li, Na and K, the results of a comparative study of all 
five alkali metals under pressure are given and discussed. (2) Melting con- 
stants. The general character of the melting phenomena is the same for the 
alkali metals as for other substances; the melting curve continues to rise in- 
definitely with increasing pressure, with neither maximum nor critical point. 
Above 10000 kg/cm? there is a reversal of the normal melting points of Na 
and K, and a moderate graphical extrapolation indicates other reversals also, 
so that at high pressures we may expect a complete reversal of the order of 
normal melting temperatures, Cs being the highest and Li the lowest. The 
fractional change of volume on melting is the same within 25 percent for Na, K, 
Rb, and Cs, as is also the latent heat of melting per gm atom; for Li the values 
are only about one-fourth as large. (3) Electric resistance. KK shows the 
greatest relative decrease of resistance with pressure above 1400 kg/cm?; Rb 
occupies electrically an intermediate position between K and Cs. The effect of 
pressure on the resistance of Cs is unique in that there is a minimum (at 4000 
kg/cm?). This minimum seems to have no connection with the crystal structure 
of the solid, but will probably be shown by the liquid also at higher pressures. 
At low pressures Cs has the maximum negative pressure coefficient of resistance 
and at high pressures the maximum positive coefficient of all pure metals meas- 
ured. At high pressures the curve of pressure coefficient of resistance of Cs 
against pressure has a point of inflection which could not be predicted from 
the behavior at lower pressures; if other metals behave similarly above the 
present experimental range, it is possible that the resistance of all metals will 
eventually pass through a minimum. Such a change for Rb may be expected 
below 20000 kg/cm*. This reversal of resistance may be an indication of the 
first beginning of a quantum break-down, suggested more strongly by the 
volume relations. The discontinuity of resistance at melting is approximately 
constant for all the alkalies. (4) Volume. Cs is the most compressible solid 
element yet measured directly. Instead of the atom the electron seems to be 
the significant unit of structure for volume since the volume per electron and 
the compressibility per electron do not vary greatly throughout the alkali series, 
whereas atomic volume and atomic compressibility vary greatly. At atmos- 
pheric pressure the electronic volume of K is abnormal, standing between 
that of Li and Na, but at high pressures there is a reversal. At high pressures 
the electronic compressibilities of all the alkalies are roughly equal (2.2 to 
3.5 X10™ at 12000 kg/cm?), except for K, which is twice as compressible per 
electron (5.9107). The initial high relative compressibilities of Cs and Rb 
decrease rapidly with pressure, crossing that for K below 8000 kg/cm?, while 
the high compressibility of K persists over a wide pressure range with com- 
paratively small drop. All the evidence indicates an abnormally open electronic 
structure for K. (5) Comparison with compressibility of electron gas. Numeri- 
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cally the compressibility of all the alkalies is of the order of magnitude of that 
of a perfect gas under a high internal pressure, taking the electron as the gas 
unit. For K, the compressibility has passed a turning point within the experi- 
mental range, and appears to be ultimately headed for the perfect gas value. 
This may be the beginning of the quantum break-down, which is complete 
only at remotely high pressures. On the theoretical side, Schottky’s theorem, 
in conjunction with the extrapolated behavior of compressibility, indicates the 
same break-down at high pressures. 


INTRODUCTION 


; ba a paper now being published by the American Academy, data are 

given for several of the properties of rubidium and caesium under 
high pressure. Similar data have been previously published for Li, Na, 
and K,!so that the materials are now at hand for a systematic study of 
the effect of pressure on the properties of all the alkali metals. The 
data include the pressure-volume relations, and the effect of pressure on 
melting and electrical resistance. It is the purpose of this paper briefly 
to summarize the new data, and then to make a comparative study of 
the behavior of the five metals under pressure. Such a study may be 
expected to be of special significance because the effects of pressure 
on these metals are unusually large; Cs, for example, is by far the most 
compressible element solid under usual conditions, and is even more 
compressible over a wide range of pressure than the most compressible 
organic liquids, such as ether. From a study of these metals, if at all, 
we may expect light on the question of the ultimate behavior as pressure 
is increased indefinitely. Recent astronomical speculations deal with 
densities of 50000; such densities can exist only when the quantum struc- 
ture of the atoms has entirely broken down and matter is resolved into 
a gas of electrons and nuclei. Some such break-down of the quantum 
orbits must of course take place at ordinary temperatures if the pressure 
is high enough; one of the questions that we shall consider here is 
whether the high pressure behavior of these metals suggests at all the 
beginning of such an atomic disintegration. 


THE NEw DATA 


Melting. The melting data for Rb and Cs are summarized in Table I. 
In broad features the behavior is the same as that found for all other 
substances under pressure; the curve of melting temperature against 
pressure is concave toward the pressure axis, the curve of the change in 
volume on melting, AV, against pressure is convex toward the pressure 
axis, and the latent heat is comparatively constant. The increase of the 


1P, W. Bridgman, Phys. Rev. 3, 154-157 (1914); 6, 31 and 102 (1915); Amer. Acad. 
Proc. 56, 67, 76, and 82 (1921). 
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latent heat of Cs under pressure is rather greater than usual. These new 
data on the most compressible metals give no reason to alter the con- 
clusion previously drawn as to the character of the melting curve, 
namely that the melting curve probably rises indefinitely with con- 
tinually decreasing curvature, but with neither maximum nor critical 


point. 
TABLE | 
Melting data for rubidium and caesium 


————————————— nnn ITEIEDEETEN TIENT SUEDE 


Pressure Rubidium Caesium 
Temp. AV Latent heat Temp. AV Latent heat 
(kg/cm?) (cm*/gm) (kg- m/gm) (cm3/gm) (kg + m/gm) 
1 Sew 0185 2 #06 AS Ber | 0136 1.65 
500 48 .7 163 yf 41 .4 118 1.68 
1000 57 .9 145 210) Sites 105 1.72 
1500 66 .5 130 2.66 61 .4 96 1.76 
2000 74.5 119 2.67 TO. 2 88 1.80 
2500 82 .0 142 O72 13,29 83 1.88 
3000 89 .1 106 2.76 85 37 78 1.99 
3500 95 .9 101 Imalee: 92 .4 aS 2.14 
4000 98 .5 72 2.29 


A word should be said about the character of the melting. The 
melting points found for these metals are materially higher than those 
usually listed in the literature and the melting was very sharp, both 
evidence of high purity. It is more than usually difficult to obtain these 
metals pure; the impurity difficult to remove is not another metal, but 
oxide, which dissolves in the metal like a foréign metal and depresses 
the freezing point. Purification demands long slow distillation in high 
vacuum at the lowest possible temperature. The criterion of sharp 
freezing is one of the most delicate for high purity, and results should not 
be accepted for these metals unless the freezing is sharp. Thus the 
results recently published by Bidwell? on the thermo-electric properties 
of Rb and Cs, which he interprets as due to some sort of internal change 
in the metals, I believe are much more likely to be due to dissolved 
impurity. Bidwell’s metals left much to be desired as to sharpness of 
freezing. ) 

Electrical resistance. The data on electrical resistance are too numer- 
ous to summarize here, but the most important results, those for the 
solid metals, are summarized in Table II. It is to be emphasized that 
the resistance measurements on the solid were made on bare wires; 
internal stresses introduce too large errors if the metal is enclosed in a 
glass capillary as has usually been done. In addition to the data of Table 
II, the detailed paper gives the resistance of the liquid under pressure, 


2C. C. Bidwell, Phys. Rev. 23, 357-376 (1924). 
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the temperature coefficients at atmospheric pressure, a study of the 
effect of pressure on the temperature coefficient of the solid, and the 
change with pressure of the discontinuity of resistance on melting. 

By far the most important of the new results is the establishment of 
the minimum resistance of solid Cs. Initially, at atmospheric pressure, 
the resistance of Cs decreases more rapidly than does that of any other 
metal, but the rate of decrease rapidly diminishes, until near 4000 
kg/cm? there is a flat minimum, and from here on the resistance in- 
creases smoothly. This is the only example of a minimum yet found. 


rire! 


Electrical resistance data for Rb and Cs 


Pressure Relative resistance of solid bare wire to values for 
. 1 kg/cm?, at 0°C 
(kg/cm?) Rubidium Caesium 
0° a55 0° 

1 1.000 1.205 1.000 
1000 .845 .982 .863 
2000 .133 .840 tt9 
3000 .648 .740 .729 
4000 .583 .663 .709 
5000 ES S1 .602 .713 
6000 .490 AGE: .728 
7000 .456 Boake! .756 
8000 a 428 481 .794 
9000 .406 2455 833 
10000 .387 .434 .879 
11000 oot. .418 .931 
12000 .360 .406 .994 


In a previous paper I made a preliminary announcement that Cs has 
a second polymorphic modification at high pressures, and that the re- 
sistance of this modification increases with pressure. This was an error; 
the apparent discontinuity which I ascribed to a polymorphic modifica- 
tion turns out to be connected in some way with the separation of 
impurity and disappears entirely when the purity is sufficiently in- 
creased, so that we are left with the perfectly smooth passage of the 
resistance through a minimum. 

The discontinuity of resistance between solid and liquid is approxi- 
mately constant along the melting curve, decreasing slightly with rising 
pressure for Rb, and increasing slightly for Cs. The same approximate 
constancy of the ratio of resistance of solid to liquid has been found for 
other metals. The temperature coefficient of resistance of solid Rb de- 
creases from 0.00481 at 1 kg/cm? to 0.00365 at 11000, but for solid Cs the 
temperature coefficient decreases from 0.00496 at 1 kg/cm? to 0.00366 
at 6000, and then increases again to 0.00418 at 12000. This is the first 
example found of a temperature coefficient increasing with rising pres- 
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sure; it is doubtless connected in some way with the minimum of re- 
sistance. 

With the improved technique now available, results found previously 
for K were re-examined. Measurements on the temperature coefficient 
of K in glass had previously shown a very marked decrease beyond 
6000 kg/cm?,? a decrease shown by no other métal. The measurements 
were now repeated with bare wire, with the results that very little de- 
crease was found beyond 6000, a result agreeing with that for all other 
metals. Doubtless the former results were due to the constraints exerted 
by the walls of the glass capillary. 

Pressure-volume relations. The pressure-volume relations are sum- 
marized in Table III. The pressure range is here 15000 kg/cm? against 
the 12000 of my other work. The greater range was probably responsible 
for a somewhat lower accuracy, particularly at the upper end of the 


TABLE III 


Relative volumes for Rb and Cs 
(Referred to values for 1 kg/cm’) 


Pressure Rubidium Caesium 
(kg/cm?) 50°C 50°C 
1 1.000 1.000 
1000 .953 941 
2000 .914 .898 
3000 . 883 .866 
4000 .857 .839 
5000 .836 01 Oaue 
6000 .819 .196 
7000 .803 ah | 
8000 .789 .760 
9000 eee .745 
10000 . 166 1350 
11000 .756 .718 
12000 746 .706 
13000 eLoit .694 
14000 .729 .683 
15000 721 .672 


range. In the detailed paper will also be found a few values for the 
volume of the liquid phase and also rough measurements of the thermal 
expansion. The data show that Cs is the most compressible of the solid 
elements directly measured (indirect inference, however, shows that at 
least solid hydrogen and helium are much more compressible,‘ but direct 
observations on these will not be feasible for a long time). At 12000 
kg/cm? the volume of Cs has been reduced by very nearly the same 
amount as that of ether, but there is an essential difference in that the 


*P. W. Bridgman, Amer. Acad. Proc. 56, 140 (1921). 
*P. W. Bridgman, Amer. Acad. Proc. 59, 198 (1924). 
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compressibility of Cs is less affected by pressure than is that of ether. 
The initial compressibility of Cs is less than that of ether and its com- 
pressibility at 12000 greater, so that at higher pressures (20000 kg/cm?, 
for example) the volume of Cs will be very materially less than that of 
ether. 


COMPARATIVE DISCUSSION 


Melting data. In Fig. 1 are plotted in one diagram the melting points 
of the five alkali metals as a function of pressure. The most interesting 


: 


200° 


¥ 
ry 
Hi 


180° 


i) 
= 
) 


ae 
Sen 
N 


Lal 


Ke | 
ii 
be 


Temperature 
= 
S 
Oo 


tg 


Ae 
fi 


mS 0 aa 1.2 
Pressure, Kg. / Cm.” X 10° 


Fig. 1. The melting temperatures of the alkali metals as a function of pressure. 


feature is the crossing of the curves for Na and K, so that above 10000 
kg/cm? the melting point of K is higher than that of Na, reversing the 
normal order. The diagram suggests strongly that there are other cross- 
ings at higher pressures; it seems almost certain that K will cross La; 
and highly probable that Na will also cross Li. It is more difficult to 
estimate the future course of the curves for Rb and Cs, because these 
are given over only a small range, but it is not at all improbable that 
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these two curves will eventually cross all the others, so that at suff- 
ciently high pressures the order of melting may be Cs, Rb, K, Na, and 
Li, the reverse of the usual order. This is not at all an unnatural state 
of affairs. At high pressures we may expect the atoms to become so 
packed in together that they find difficulty in melting; this packing 
effect will increase with the complexity of the atom, and the most com- 
plicated atom, Cs, will have the highest melting point. 

The pressure at which this reversal of the ordinary melting points 
will be accomplished may be estimated by graphical extrapolation to be 
of the order of 25000 kg/cm?. Such a pressure is comparatively low, 
much too low to produce those ultimate effects to be expected at extreme 
pressures when the quantum orbits break up. Under such pressures it 
will be shown that the volume relations of K differ from those of the 
other metals; it might be thought that the crossing of the melting curves 
is similarly an effect due to the unique behavior of K. This, however, 
I do not believe to be the case; the shape of the melting curves them- 
selves, and also the fact that if melting temperature at atmospheric 
pressure is plotted against atomic number, K will be found to lie. 
smoothly with the other metals, both suggest that K is not unusual 
with regard to melting. The peculiar volume relations of K to be dis- 
cussed later do not seem strongly to affect the melting behavior. 

The other melting data relating to change of volume and latent heat 
are also significant. It is evident that melting is an atomic phenomenon, 
and the five alkali metals should be compared on an atom for atom 
basis. Table IV shows the latent heat of melting at atmospheric pressure 
per gm atom. On passing from the solid to the liquid state approxi- 
mately the same heat is absorbed per atom by all the alkalies (except 
Li). Under high pressure the latent heats vary in a complicated way, 
but not by large amounts, so that over the entire pressure range the © 
generalization holds that the latent heat of melting per atom is approxi- 
mately the same. | 


TABLE IV 
Melting data at atmospheric pressure 
Latent heat Fractional 
Metal (kg- m/gm-atom) change of volume 
hs 49 .0060 
K 215 -U204 
Cs 219 .0256 
Rb 236 .0284 
Na 271 .0271 


Table IV shows also that, except for Li, the fractional change of 
volume on melting is approximately the same, that is, on passing from 
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the solid to the liquid state an atom of an alkali metal experiences a 
definite fractional increase of volume. 

Lithium is unique in its melting phenomena. The reason doubtless 
is to be sought in the structure of the atom; the number of electrons is 
so small, only three, that the external symmetry of the atom must be 
much lower than that of the other four alkalies. 

Electrical resistance. Unlike many of the other properties, the elec- 
trical resistance of the alkali metals does not vary smoothly in the same 
direction throughout the series. Thus the specific resistance at 0°C 
at atmospheric pressure decreases from Li to Na, and then increases 
again from K to Rb to Cs. The numerical values of the specific re- 
sistance are respectively 8.6 10-®, 4.3, 6.1, 11.6, and 19. A somewhat 
more satisfactory basis for comparison is the “conductivity per atom,”’ 
which is obtained by dividing the specific conductivity at a temperature 
one half the characteristic temperature by N’, where N is the number 
of atoms percc. This is discussed more in detail in my forthcoming Sol- 
vay Conference report. If “conductivity per atom” is plotted against 
atomic number, a comparatively smooth curve will be found with a 
very pronounced maximum between K and Rb. A similar reversal 
within the series is shown by the pressure effects. In Fig. 2 the relative 
resistance at 0° is plotted against pressure. It is evident that there is 
some sort of a turning point between K and Rb. 

The resistance of most metals decreases with rising pressure, but there 
are seven metals whose resistance increases. Among some 50 metals 
studied, the series of the alkali metals includes the numerical extremes 
of maximum positive and maximum negative pressure coefficients of 
resistance. 

It is of interest that the abnormal pressure effects of both Li and Cs 
do not seem to be associated with the crystal structure of the solid but 
are more intimately connected with the atoms themselves. This is 
shown by the fact that the resistance of Li increases under pressure in 
the liquid as well as in the solid state. A corresponding experiment 
could not be made on the resistance of liquid Cs because within the 
temperature range of these experiments the liquid freezes at a pressure 
below that of the minimum resistance. But at 97° the freezing pressure 
is very close to that of the minimum resistance. The resistance of solid 
and liquid at this temperature was plotted in one diagram as a function 
of pressure, multiplying the resistance of the,solid by such a factor as to 
remove the discontinuity at the freezing point. In this way a curve was 
obtained passing perfectly smoothly through the melting point. The 
obvious inference is that the crystal structure of the solid has nothing 
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to do with the minimum, and that at higher temperatures the resistance 


of the liquid as well will show a minimum. 
A question of great importance for theories of resistance is whether 


the minimum resistance shown by Cs, the most compressible of the 
metals, will be shown by the other metals also at pressures high enough. 
This question can be answered only by some sort of extrapolation. 
Such an extrapolation is not easy from the curves of resistance given in 
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Fig. 2. The relative electrical resistances at 0°C of the alkali metals as a function 
of pressure. 


Fig. 2. If, however, we plot (1/w)(dw/dp), as a function of pressure, 
where w is resistance, we get something more suggestive as to the be- 
havior at high pressure. For Cs, this quantity starts negative and 
crosses the axis at the pressure of the minimum, which is about 4400 
kg/cm’. The curvature against pressure is convex upward at pressures 
below 8000 kg/cm?, but here there is a point of inflection, and above 
8000, (1/w)(dw/dp), increases at an accelerated rate with increasing 
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pressure. If this inflection is characteristic of the behavior of other 
metals at still higher pressures, then the resistance of each of them must 
also ultimately pass through a minimum. The shape of the curve for 
Rb indicates that this may well occur at some pressure below 20000 
kg/cm’. 

We next have to ask what is the theoretical significance of this 
minimum resistance. The theory of electrical resistance which I have 
developed® represents the conduction electrons as passing through the 
substance of the atoms and encountering resistance where they make 
the jump from atom to atom. A minimum resistance is to be thought 
of as due to the fact that as the pressure is increased a point is reached 
beyond which the electrons find it increasingly difficult either to make 
the jump from one atom to the next or to get through the atom. Such 
interference with the electron is not surprising in a complicated struc- 
ture distorted at high pressure. The minimum resistance is perhaps 
in Cs to be regarded as the first shadowing forth of the ultimate dis- 
integration of the quantum orbits under extreme pressure. It is signifi- 
cant that the effect is first found in the most compressible metal with 
a complicated atomic structure. 

Volume relations. In discussing melting phenomena we have seen 
that the atom is the significant unit of structure, as is shown for ex- 
ample by the fact that the latent heat of melting per atom is nearly 
the same for the four heavy alkalies. This is as we would expect, since 
the atoms pass as a unit from the liquid to the solid phase. But now 
_ that we are to discuss volume relations, it will appear that the electron, 
the ultimate constituent of the atom, is the more significant unit of 
structure; this is suggested by the fact that the contributions made to 
the volume or to the compressibility per electron vary much less from 
one alkali to another than do the contributions per atom. 

We first compare the volume per electron in the five metals as a 
function of pressure. The volume per electron is obtained from the 
volume per atom by dividing by the atomic number plus 1 (that 1s, 
we are obtaining the average volume occupied by one discrete piece 
of electricity, whether positive or negative, the nucleus counting as 
one). The volume per atom is the atomic .weight ‘multiplied by 
1.66 X10 (the weight of the atom of hydrogen) divided by the density. 
Thus we find, for example, the volume per electron of Li at atmospheric 
pressure is 6.94 1.66 X10-*4/4 X.53 =5.43 X10-™% cm’. 


5 P. W. Bridgman, Phys. Rev. 19, 269-289 (1917); 17, 161-194 (1921); 19, 114-134 
(1922); Report of the Solvay Conference, Brussels, 1924 (not yet published). 
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In Fig. 3 is plotted the volume per electron as a function of pressure. 
Li has the largest and Cs the smallest electronic volume, that is, the 
quantum orbits are closely packed in Cs but loosely packed in L1. 
The electronic volume of Li at atmospheric pressure is 2.6 fold greater 
than that of Cs. On the other hand, if we compared atomic volumes, 
we would find the volume of Li to be least,.and that of Cs greatest, 
5.3 times that of Li. The variability of volume throughout the series 
of the alkalies is thus twice as great when expressed in terms of the 
atom as when expressed in terms of the electron. 

At atmospheric pressure the electronic volume of K is greater than 
that of Na, a reversal of order. At high pressures, however, the curves 


tlectron, Cm* 


Volume per F 


Pressure, Kg./Cm.’ X 10° 


Fig. 3. The volume per electron in cm’ of the alkali metals as a function 
of pressure. 


for kK and Na cross. This is the first of several pieces of evidence that 
the electronic structure of K is abnormally loose. 

It is evident from Fig. 3 that the shapes of the curves of electronic 
volume against pressure are distinctly different for the different alkalies. 
This difference is brought out much more strikingly in Fig. 4 in which 
is plotted the instantaneous compressibility, (1/v)(dv/0p),, as a func- 
tion of pressure. If the curves of volume against pressure were of the 
same shape, the curves of (1/v)(dv/dp), against pressure would be 
the same for all the metals. This is evidently far from being the case. 
Not only are the absolute values of (1/v)(dv/dp), quite different; but 
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the shapes of the curves are very different. This has a bearing on specu- 
lations of Richards® as to the internal pressures of the alkalies. In 
endeavoring to find some rational basis for extrapolation, he made the 
assumption that the pressure-volume curve at low pressures of a com- 
paratively incompressible alkali was of the same shape as the pressure- 
volume curve at high pressure of a more compressible alkali; that is, 
if all the ordinates of the pressure-volume curve of one metal were 


Instantaneous suk ssibility 


Pressure, Kerem AO? 


Fig. 4. The instantaneous compressibility (1/v)(dv/dp), in Abs. C.G.S. units, of the 
alkali metals as a function of pressure. 


multiplied by an appropriate constant and then the curve slid bodily 
along the pressure axis, the curve so found would coincide with the 
prolongation into a region as yet unreached experimentally of the 
pressure-volume curve of another alkali. In particular, he applied this 
method of extrapolation to Na and K. At the time that he did this, 
these data for Cs and Rb were not available. These new data show 
definitely that the assumed connection between the different metals 


6T. W. Richards, Jour. Amer. Chem. Soc. 45, 422-437 (1923). 
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does not exist, for if it did, the curves could not cross in the way they 
do. Richard’s method of extrapolation can therefore be regarded as 
only roughly suggesting what to expect at high pressure; it is probable, 
however, that the approximation was sufficiently good for the purpose 
for which Richards used it. 

The most striking feature of Fig. 4 is the crossing of the curves for 
Cs and Rb by that of K; this means that K fetains its compressibility 
to an abnormal degree at high pressures. This again points to a loose- 
ness._of internal structure. Another striking feature is the great pro- 
gressive change in the character of the curves throughout the series. 
In 12000 kg/cm? the compressibility of Li drops to 0.83 of its initial 
value, whereas that of Cs drops to 0.23. The rapid drop of com- 
pressibility with increasing pressure is partly due, especially for the 
more compressible metals, to a taking out of “‘slack’”’ from the structure 
by pressure. In the most complicated structure, that of Cs, the possi- 
bility of taking out slack is most rapidly exhausted, giving the most 
rapid drop of compressibility with increasing pressure. 

The extent to which the “slack’’ in the structure is responsible for 
the initial behavior is further indicated by Table V which shows the 
compressibility per electron, that is, the actual loss in volume per elec- 
tron under a pressure increase of 1 kg/cm?, at 1 and 12000 kg/cm’, for 
the 5 metals. Under 12000 the approximate constancy of the compressi- 
bility per electron for all the metals (except K) is striking, especially 
when compared with the initial variability. Li has the greatest com- 
pressibility per electron at high pressure, as we would expect because of 


TABLE GY 


Volume compression per electron per kg/cm? 


Electronic compression 


Metal Atms. pressure 12000 kg/cm? 
Li 4.7xX104 F 3.5 
Na Sal Sie 
K Loe 5.9 
Rb 1235 Zee 
Cs 14.5 28 


its more open structure. However, the difference is not as great as 
might be expected. At 12000 the electrons are packed 3.3 times more 
loosely in Li than in Cs, but the compressibility is only 1.4 times greater. 
K is an outstanding exception, both in its initial compressibility (too 
great to lie in a smooth series with the others) and in its persistent com- 
pressibility at high pressures, about twice as high as the average of the 
others. 
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Finally we have to consider whether there is any indication within 
the pressure range reached experimentally of the beginning of the break- 
down of the quantum structure which we may expect must be inevitable 
if the pressure can only be pushed high enough. An inquiry of this 
sort must, of course, be highly speculative. We take as our clue the 
recent speculations of astronomers that in the interiors of the stars 
matter may be disintegrated into a gas of electrons and nuclei. 


Electromc Gas Pressure 


) 2 4 6 8 10 12 |4 
Pressure. Kg. plans | O° 
Fig. 5. The electronic gas pressures (that is, the pressures which would be exerted 
by the electrons and nuclei if they were in the condition of a perfect gas under the actual 
volume of the metal) of the alkali metals at 0°C as a function of external pressure. 


It is in the first place to be noticed that the pressures which would be 
exerted by these alkali metals if electrons and nuclei constituted a 
perfect gas are not excessively high. The material for such a calcula- 
tion is already at hand; we have merely to divide the reciprocal of 
volume per electron (number of electrons per cm’) by 2.7X101°, the 
number of gas molecules per cm? at 0°C at 1 atmosphere. In this way 
the curves of Fig. 5 were obtained. The pressures are of the order of 
tens of thousands of kilograms per cm2, which is the order of expert- 
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mentally obtainable pressures. It is therefore not extravagant to 
think that experimentally obtainable pressures may at least initiate 
the reversion to the perfect gas condition. The direction in which the 
quantum forces act is shown in the figure by the location of the gas 
pressure curve with respect to the 45° line. The curve for Li crosses 
this line at 7000; above 7000 the electrons 1 in the perfect gas state would 
not be able to withstand the external pressure, so that if the quantum 
forces were removed the structure would collapse. Hence above 7000 
the quantum forces distend the structure, whereas below 7000 they 
prevent it from flying apart. It is also evident from the figure that 
below 15000 kg the quantum forces in Na and K will change from an 
expansive to a compressive character. It seems probable that Rb and 
Cs will similarly change at considerably higher pressures. 

When the structure breaks down completely into a perfect gas, the 
gas pressure curve will coincide with the 45° line, or at least will run 
parallel to it. The figure shows that any such state of affairs is remote, 
but there are two indications of the beginning of an approach to it. In 
the first place, it is evident that K comes nearest of the three lightest 
alkalies to satisfying this condition, because the slope of its gas pressure 
curve is closest to 45°. But if there is ever going to be coincidence or 
parallelism with the 45° line, it is evident that the gas pressure curve 
must be concave upwards, whereas at low pressures all the curves are 
concave downward, as is shown in the figure most unmistakably by 
the entire course of the curves of Rb and Cs. Now this necessary re- 
versal of curvature is indeed shown, well beyond experimental error, 
both by K and Li, although the effect is not large enough to be well 
marked in the diagram, and probably is shown by Na also, although it 
is not so certain that experimental error may not enter here. 

The effect is exhibited more clearly if we consider the cormpr esata tee 
instead of the volume. The question is whether the compressibility of. 
the solid alkali metals has features in common with the compressibility 
of a perfect gas. The compressibility of a perfect gas is (1/v)(dv/dp), = 
—1/p. But when we attempt to apply this expression to our solid 
metals we encounter the difficulty of not knowing the internal pressure. 
We avoid this difficulty by eliminating » by dividing both sides of the 
equation by x, where v, is the average volume occupied by one electron, 
using the gas law pv,-=1.35 10-7, and obtain: 

1 1 fdv —) 

ex |—(=) | = ———_ = 2 4K 102 ae 

Ve v \Op Leroi hi nett 
The material is at hand for a calculation of (1/v.)(1/v)(dv/0p),, which 
we will call the “gas function,” as a function of pressure. The results 


ALKALI METALS UNDER HIGH PRESSURE 83 


are shown in Fig. 6. It is significant that the gas function is of the 
order of magnitude of —2.410!, which is the value it would have if 
the solid were to act like a perfect gas under some unknown but high 
pressure and in which the kinetic unit is the individual electron. If we 
assumed that the atom were the unit, the gas function would be of a 
different order of magnitude. The approach of the gas function to the 
value of a perfect gas is closest for Cs and most remote for Li. In specu- 
lating now as to the behavior at very high pressures, the shape of the 
curve for the gas function is significant. The curves for Cs and Rb are 
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Pressure, Kg. / Cm.’ X 10° 
Fig. 6. The “gas function” (1/v)(1/v)(dv/dp), of the alkali metals as a function of 


external pressure. If the metals acted like a perfect gas of electrons and nuclei, the gas 
function would have the constant value 24 X10”. 


still receding from the perfect gas value at the highest pressures reached 
experimentally, whereas for K a reversal has been reached at 7000 or 
8000 kg/cm?, and above this pressure the gas function of K has started 
to approach more closely to the value for a perfect gas. It is tempting 
to see in this the beginning of the quantum breakdown. 

Apart from this experimental evidence, we may obtain some theo- 
retical light on the question of the ultimate behavior under exceedingly 
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high pressures from a theorem due to Schottky.’ He finds for any 
system in which there are forces between the elements given by the 
ordinary inverse square laws of electromagnetism and in which the 
elements move under these forces as if they had mechanical mass, 
whether or not the motion is in addition subjected to quantum forces, 
the following equations: , * 


OL eae (2) +4 ) 
(;-) - yt OT / - ie 
OE dv dv 
(@)->-* 9G) 
Op], OTe. Op]; 


where L is the average internal kinetic energy of motion of the elements, 
and E is the average electromagnetic potential energy. The total 
internal energy U of the system is of course given by U=E+L. The 
equations in the form above were not given by Schottky, but may be 
deduced from equations given by him by using the ordinary thermo- 


dynamic relation | 
(2) (am 
—})=-r(—)-pl(—). 
Ope OTe. Op). 


At 0°K we have rigorously 


OE dv 
(FF) 9-96) 
Op /, Op), 


These relations are also approximately true at other temperatures, 
for on substituting numerical values for ordinary solid metals it appears 
that the term 7(dv/drT), is unimportant. Now in the equations as last 
given the term v is positive and p(dv/0p), is negative. At zero pressure 
only the term v contributes, and Z increases with increasing pressure 
and & diminishes. But with increasing pressure v diminishes and 
p(du/dp), increases. Will the second term eventually become larger 
than the first? We attempt to answer this by plotting —(p/v)(dv/dD), 
against pressure for the five alkali metals. Fig. 7 shows the result. 
If —(p/v)(dv/dp), becomes equal to 0.6, the direction of variation of 
E changes, and if it reaches 0.75, the direction of variation of L changes. 


™W. Schottky, Phys. Zeits. 21, 232 (1920). 
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Again K is the most suggestive metal. For it, (p/v)(dv/dp), is nearly 
linear against pressure; as a matter of fact at low pressures the curve 
is slightly concave toward the pressure axis, but at high pressures it 
becomes slightly convex. (p/v)(dv/0p), therefore rises at an accelerated 
rate as pressure increases, and the critical value 0.6 will be reached at 
a pressure near 30000 kg. The curves for the other metals are also 
flattening out at a rapid rate, so that is it probable that for all the 
alkalies the critical value will be eventually exceeded. 

What now is the significance of the change of L and E? Initially the 
state of affairs is plain. In general an increase of ZL means an increase 
of rapidity of motion. of the electrons in their orbits, which means an 


Pressure, Kg. /Cm.? X 10° 


Fig. 7. The function —(p/v)(dv0/dp), of the alkali metals as a 
function of external pressure. 


approach on the average to the attracting nuclei. The same approach 
to the nuclei which increases L brings the electrons into stronger parts 
of the fields of the nuclei and thus at the same time provides for the 
decrease of E. This approach to the nuclei may be thought of as signi- 
fying a compression of the atoms under pressure, as Schottky suggested, 
or it may be thought of as follows. As we proceed through the series of 
the chemical elements from simpler to more complex, it is well recog- 
nized that the electron orbits penetrate more and more deeply toward 
the nucleus, and at the same time become more eccentric. The same 
sort of thing may very naturally be produced also when we push the 
electron orbits into closer juxtaposition by increasing pressure, so 
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that the initial increase of L and decrease of E with increasing pressure 
is accounted for by a deeper penetration of the orbits toward the nuclei. 
But now at higher pressures, how are we to account for a decrease of L 
and an increase of £, if according to our argument this means orbits 
described at greater distances from the nuclei? The difficulty is over- 
come if the electron orbits break down, allgwing an approach te a more 
uniform distribution in space of electrons and nuclei. The electrons — 
now do not penetrate so closely to the attracting nuclei, so that on the 
average L is smaller and at the same time E increases, both in spite of 
a continued decrease of total volume. But this sort of break-down means 
an approach to the condition of a gas. It thus appears that the dilemma 
to which Schottky’s theorem, in conjunction with the experimental 
behavior of the compressibility of the alkali metals, forces us, is re- 
solved by a break-down of the quantum orbits at sufficiently high 
pressures, and an approach to the condition of a gas. 


JEFFERSON PHYSICAL LABORATORY, 
HARVARD UNIVERSITY, 
October 4, 1925. 
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BATEMAN’S EXTENDED ELECTRODYNAMICS, AND THE 
MASS AND RADIATION REACTION OF AN ELECTRON 


By MEYER SALKOVER 


ABSTRACT 


From Bateman’s earlier stress-energy tensor, there are deduced by analogy 
with the momentum and energy equations based on the classical electromag- 
netic stress-energy tensor, an extra-classical body-force and a condition that 
may be understood to state the conservation of charge in combination with the 
Lorentz transformation. It is then shown how this procedure may be reversed 
so as to deriye, from the new body-force and the condition just mentioned, 
Bateman’s tensor with all of its components physically interpreted. Next the 
mass and radiation reaction of an electron in non-uniformly accelerated, 
non-periodic motion are calculated from the force (classical and extra-classical) 
exerted on it by its own field, on the assumptions that the electron is spherical 
in a rest-system and has a centrally symmetrical distribution of charge. Both 
come out zero. The result for the radiation reaction is new. Finally the same 
result for the mass is obtained from the total momentum of the field of an 
electron in uniform, or quasi-stationary, motion. The present method differs 
from one recently published by Bateman in not using the restricted relativity 
transformation for tensors, and in requiring of the distribution of charge only 
that it be centrally symmetrical. 


INTRODUCTION 


O the stress-energy tensor 7” of classical electrodynamics, compris- 

ing the stress-system X,°, X,°...Z,’, the energy-flux (Poynting’s) 
vector S* and related density of momentum G®* and the energy-density 
W? as deducible from the equations of Maxwell and Lorentz, Bateman 
has successively added new tensors! designed to remedy defects of the 
classical theory. The fundamental one of these tensors, and the only 
one that will be considered here, is 7*, having as components 


0? dy \? Oy \? Oy\? 1 (ov \? 
conde YOY CY AC) 
on? Ox oy Oz c* \ dt 
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1H. Bateman, Phys. Rev. 20, 243 (1922); Bull. Nat. Res. Council, 24, p. 99 (1922); 
Messenger of Mathematics 52, 116 (1922); Ibid. 53, 145 (1924); Phil. Mag. 49, 1 (1925). 
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where y is a retarded scalar potential defined by 
v=S [pV 1— (0/0?) Je-rie(dV/r) 
and consequently satisfying the differential equation 


ay oy a le bh a plates 
ake ay? Vow ee fate (6p 


Since the right side of this equation is an invariant with respect to the 
Lorentz transformation, as is also the differential operator on the left 
side, it follows that the potential y is such an invariant. The tensor 7° 
is then readily shown to be a symmetrical world-tensor? with the same 
transformational properties as 7”. 

The components of the body-force associated with JT” are determined 
by relations of the type 


f= a5 me ee — — (1) 
Ox Oy Oz ot 
which are identical in form with the relations between the classical 
body-force 


1 
=p(E+—vxH) 
C 


and the tensor 7°’. The results may be combined in the vector equation 


» 


= WV { o/1—(/e%) } (2) 


Corresponding to the classical energy-equation, we have also 


8 


> ow 
v-: F*+divs + 7 = 


(3). 


provided that 
d Eames 
¥— {ov 1—(0'/e) } =0 (4) 


It is possible to proceed in another manner, following the usual treat- 
ment of classical electron theory. If we assume Eq. (2), then by an inte- 
gration of F’ over all space and a reduction by means of Green’s 
Theorem, the expressions previously labeled as X,', X,5...Z,' and GS 
are “obtained and seen to have physical meanings consistent with the 
names assigned to them. Details will not be given; the process, though 
rather lengthy, is direct, and offers no essential difficulties. Eq. (1) fol- 
lows as a corollary. In the same way, starting with an integration of the 


*M. v. Laue, Die Relativititstheorie, 4. Aufl., 1. Bd., p. 102. 
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activity of the body-force, F*’ - v, we can derive the rest of the tensor 
Feeand Eq. (3), if 


ncaa 
en Lal e7e) ,=0. 


The last assumption, which is not altogether the same as Eq. (4), may 
be granted, since it amounts to the conservation of charge as combined 
with the Lorentz transformation. 


MAss AND RADIATION REACTION 


The reaction on an electron of its own field will now be considered. 
The electron will be taken as spherical when at rest, with a volume 
charge distributed symmetrically about the center, but otherwise 
arbitrarily. The motion of the electron will be unspecified except for 
the supposition that there is always a reference system of the type dealt 
with in the restricted theory of relativity in which the electron is momen- 
tarily at rest, with acceleration and derivative of acceleration not varying 
from point to point, and that, relative to this system, the electron is 
spherical and has the stationary distribution of charge. 

On these assumptions, the classical reaction, so far as it depends on 
the acceleration (f) and derivative of the acceleration (f), is? 


—(f£/6rc?) J pdV f p'’dV'(1/(R?+ R’2—2RR’cos 6)1!?) + e°f/6me8 


where p and p’ are the densities of charge at volume elements dV and dV’ 
which lie, respectively, at distances R and R’ from the center, along radi 
vectors enclosing the angle 8. 

To get the extra-classical reaction, we start with Eq. (2). Here, to 
allow for the rest-system used, we put v=0. The part of y due to element 
of charge de at a field-point relative to which the position of de is given 
by the vector r is 


de[/1—(07/c*) |/4n[r(1+(c - v/er))} 


where the bracketed quantities must be assigned the values pertaining 
to the previous time ¢—[r]/c. This expression, reduced by means of 
known series expansions! so as to involve only magnitudes evaluated at 
the time ¢ becomes, as far as terms in f, 


“(—+3 fiery. af r) 
4nr\ r CT a 3c3 


’L, Page, Introduction to Electrodynamics, pp. 51 52. 
“Ref. 3, pp. 39, 40. 
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Next, changing de to p’dV’, multiplying by 2VpdV, and integrating 
twice through the electron, we have, omitting the electrostatic term that 
contributes nothing, 


f | p'dV'(R’cos 6— R) ef dp 
- f arco: a(f - Oi = cos? B——dV 
Anc*f VR?+R?—2RR'cos0 ~~ 68 dR 
f : p'dV'(R’cos 06— R) 
_ fe cos*adS (Se ed 
Arc?) pea V R?+ R”?—2RR'cos 60 I r=a 
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dp p—aCOS 
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where a, 6 are the angles between R, and f and f, respectively. The sur- 


face integrals arise from the infinite discontinuity of Vp at the surface, 
R=a. 

By the use of Gauss’ Theorem, the surface integrals may each be proved 
equal to the negative of the sum of the corresponding classical and 
extra-classical volume reactions, so that for any centrally symmetrical 
distribution of charge (which may be very different from the distribution 
designed by Bateman to secure equilibrium within the stationary elec- 
tron) the f and f reactions vanish. 

The vanishing of the f reaction is interpreted to mean that the mass is 
zero, and this is in agreement with the result in the final section where the 
case of uniform (or quasi-stationary) motion is treated. By introducing 
(in the last three of his papers!) new tensors to remove certain surface 
discontinuities in the components of 7°+7°* for the stationary electron, 
Bateman succeeds in rendering the mass different from zero—the actual 
value obtained, regardless of the way in which density varies with distance 
from the center, is three times the mass of a Lorentz electron with a 
uniform surface distribution. But the f reaction remains zero. This 
result seems to indicate that radiation is impossible. When, however, the 


’ This distribution is obtained by putting F’+°=0 inside the stationary electron. 
The advantage it enjoys over other distributions is that, when additional tensors are 
introduced, it leads to the exact relativistic relation between energy of the stationary 
field and rest-mass; without the additional tensors, this energy is zero, as well as the 
rest-mass. 

Bateman, however, repeatedly states that the resultant body-force should be postu- 
lated to vanish everywhere. While this is in the spirit of relativity mechanics, it may 
be pointed out that for the immediate purposes of his analysis such a generality is not 
essential. In one of his papers (Messenger of Mathematics 52, 122 (1922)) Bateman 


appears to make elaborate use of it, but his results there can readily be derived without 
it. 
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energy radiated by a point charge is considered, it develops! that the 
energy radiation vanishes, on the avérage, only for periodic motion. 


MOMENTUM OF THE FIELD FoR UntrormM MoriIon 


That the mass of an electron is zero may also be inferred from the 
vanishing of the total momentum of the field of an electron in uniform 
(or quasi-stationary) motion. Bateman’ obtains this result by using a 
transformation formula applying to tensors in the restricted theory of 
relativity. The momentum in question is thus shown to be a multiple of 
the total energy of the field of a stationary electron with his equilibrium 
distribution of charge, and this he has found to be zero. 

While the argument can be modified so as not to involve any particular 
distribution of charge, another deduction requiring only central symmetry 
and using simpler relativity transformations may easily be made as follows: 
As can be shown® by changing to the reference system in which the uni- 
formly moving electron is at rest, the electromagnetic momentum of its 


field is 
Vv 
ee | | (VY ))2sin*adV (5) 
ev 1— ae 


where the integral is extended over all space. ® is the electrostatic 
potential due to the electron; dV is in polar coordinates so that 6 has its 
usual significance, the polar axis being the direction of motion (velocity = 
v) in the original reference system. It remains to calculate the extra- 
classical momentum, whose effective density is 


if the electron moves along the x-axis. The integration will again be 
carried out in the rest-system. As may be inferred from the definition 
of ¥ and its invariance with respect to the Lorentz transformation, or 
may otherwise be proved directly, on changing the reference system y 
becomes ®. Applying the Lorentz transformation to the differential co- 


® In his later papers, Bateman regards compensating negative energy radiation as a 
blemish in his theory. It is hard to gather from the context whether the tensor introduced 
in Messenger of Mathematics, 52, 125 (1922) is meant to remove this blemish; if so, it 
does not serve its purpose, for calculation shows that it leaves the radiation of energy 
Statu quo. 

7 Messenger of Mathematics 53, 147 (1924). 


8 L. Silberstein, Theory of Relativity, p. 214. 
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efficient and to the element of volume, we have for the extra-classical 


2v 0?® 
ee 
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momentum 


or, by symmetry, 


ee 


The trigonometric factor in the integrand of (5) may be replaced by 2/3. 
The sum of (5) and (6) is reducible to a surface integral by Green’s 
Theorem, and this surface integral vanishes since ® and V® are finite and 
continuous at the surface of the electron and vanish at infinity. 

The writer is greatly indebted to Professor Leigh Page of Yale Uni- 
versity. | 

DEPARTMENT OF MATHEMATICS, 


UNIVERSITY OF CINCINNATI, 
September 14, 1925. 
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tite DISPERSION OF THE OPTICAL CONSTANTS 
OF MERCURY 


By BRIAN O’BRIEN 


ABSTRACT 


Measurements were made on clean mercury surfaces prepared by the 
method of Roentgen as used by Wheeler. The optical constants were deter- 
mined for the range 4358 to 3022A using the method of Jamin. Light from 
a mercury arc was dispersed by a quartz spectroscope of the Littrow type with 
a fused silicon mirror to reduce scattered visible light, and a phosphorescent 
screen or fluorescent solution was used in making the readings. The results 
for refractive index n, absorption coefficient nk and computed percentage reflec- 
tivity R at normal incidence, are as follows: 


4358 4047 3650 3130 3022 
n 0.88 0.79 0.64 0.44 0.55 
nk 3.47 3.40 2.97 BE ppp R: 
R 77 78 78 79 70 


The beginning of a region of transparency is apparently indicated at 3022A. 
INTRODUCTION 


HE effects of slight surfacé films on values obtained for the optical 
constants of metals by katoptric methods was pointed out by 

Voigt.! To eliminate such films Drude? attempted to specify a so-called 
“normal” surface, but large inconsistencies still remained in his results 
even among successive measurements on the same reflecting surface. 
Minor,? Meier,* Tool,’ Ingersoll,’ and Tate? have measured the optical 
constants of several of the metals from wave-length 2500A (Minor) to 
wave-length 2.25u (Ingersoll). The values obtained have been col- 
lected by Wheeler.®’ He has pointed out that while different observers are 
in good agreement as to the amount and trend of the dispersion of the 
refractive index and absorption coefficient of a particular metal over a 
given region, they are not in good agreement on the absolute magnitude 
of these constants. 

Wheeler? has measured the refractive index of several transparent 
liquids in contact with mercury by the reflection method, using Roent- 

1 Voigt, Wied. Ann. 24, Wied. Ann. 25, (1885). 

2Drude, Wied. Ann. 36, 885; Wied. Ann. 39, 481 (1899-1900). 

3 Minor, Ann. d. Physik 10, 591 (1903). 

4 Meier, Ann. d. Physik 31, 1017 (1910). 

5 Tool, Phys. Rev. 31, 1 (1910). 

6 Ingersoll, Astrophys. J. 32, 265 (1910). 

7 Tate, Phys. Rev. 33, 321 (1912). 


8 Wheeler, Am. J. Sci. 35, 491 (1913). 
® Wheeler, Phil. Mag, 22, 229 (1911); Am. J. Sci. 32, 85 (1911). 
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gen’s!° modification of the method suggested by Rayleigh" to clean the 
surface of contact between the mercury and the transparent liquid. 
Differing from those of previous observers, his results are very consistent, 
and agree in the third place with values of the refractive index of the 
same liquids determined by the usual methods. It would appear therefore, 
that all contaminating films at the metal-liqujd surface were eliminated. 
He has also measured the optical constants of mercury in air over a por- 
tion of the visible spectrum.” 

The present investigation was undertaken to determine the optical 
constants of a mercury surface, cleaned in this manner, from the violet 
as far into the ultraviolet as feasible. 


METHOD AND APPARATUS 


The optical constants were determined by the usual method of meas- 
uring the ellipticity introduced into plane polarized light by reflection 
from the metal surface. The theory of the method has been given in 
detail by Drude.? If the incident light is plane polarized at an angle 
of 45° with the plane of incidence, if g=the angle of incidence, A=the 
phase difference after reflection between the components parallel and 
perpendicular to the plane of incidence, and y=the azimuth of the 
restored plane of polarization, then if we write 


tan O=sin A tan 2y ; cos P=cos A sin 2y ; 
S=tan 3P sin ¢ tan ¢ ; 
we get to a second approximation 
n=S cosQ(1+sin?¢/2 S?) 
nk=S sin O(1—sin2¢/2 S?) 
k= tan QO(1—sin’¢/S?) 


where n is the refractive index and nk the absorption coefficient. 

A spectrometer by the Société Genevdéise, arranged so that the table 
could be swung to a vertical position to accommodate a horizontal 
mirror, was used as Jamin circle. The divided circle could be read to 20” 
of arc. The polarizer and analyzer prisms were of the uncemented straight 
end type (Foucault-Glan), and their positions could be read to 0.1”. 
The compensator was of the Babinet-Soleil type, giving a uniform field 
instead of bands as in the original Babinet form. The movement of its 


10 Roentgen, Wied. Ann. 46, 152 (1892). 
1 Rayleigh, Phil. Mag. (5) 30, 392 (1890). 
12 O’Brien and Wheeler, Phys. Rev. (2) 21, 376, Abs. 26 (1923). 
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wedge could be read to 0.0025 mm, which corresponded to an increment in 
A of 0.19° at the longest and 0.30° at the shortest wave-length used. 

The source of light was a mercury arc in quartz, and a small quartz 
spectroscope of the Littrow type, which was built in this laboratory, 
was used as monochromatic illuminator. The reflector of the spectro- 
scope was of fused silicon in place of the usual tin amalgam, the high 
ultraviolet and low visible reflectivity of the silicon reducing the effect of 
scattered visible light in the field. 

The optical system is shown in Fig. 1. The mercury arc J was placed 
very close to the slit S; to eliminate a condensing lens. After passing 
through the analyzer the light was brought to a focus by the quartz lens 
L3 on a fluorescent target F which was viewed from the side through an 
eyepiece £. 


Fig. 1. The optical system. 


A phosphorescent screen of very short period, and also a cell filled with 
_a fluorescent solution were used. The screen consisted of varnished mica 
on which was dusted finely powdered potassium uranyl sulphate while 
the varnish was still “tacky.” The cell was cylindrical, of glass, with a 
quartz end, and was filled with a very dilute aqueous solution of uranin, 
the sodium salt of fluorescein. The end of the cell on which was mounted 
the quartz window was cut obliquely so that the plane of the window 
made an angle of about 60° with the axis of the cell. The screen, when 
used, was placed as shown at Fin Fig. 1. The cell, when used, was placed 
as shown at F’ in Fig. 1, with its axis coincident with the optic axis of 
the lens Z3 and with the quartz window turned obliquely away from the 
eyepiece E’ so that the solution immediately behind the window was 
viewed through the glass side-wall. The screen gave the more brilliant 
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image, but the cell was preferable at certain settings where there was 
appreciable scattered visible light in the field. The maximum intensity of 
emitted light from both potassium uranyl sulphate and uranin lies at 
about the same wave-length as the maximum of visual sensitivity for 
faint illumination. This, together with their intense fluorescence, makes 
these materials particularly suitable for fluorescent eye pieces. : 

The whole system was enclosed in a light tight housing, and care was 
taken to exclude all light from the room. The eyes were rested in total 
darkness before each set of readings, and it was found possible to set the 
compensator and analyzer quite sharply to the position of quenching. 

The surface cleaning apparatus was the one used by Wheeler,® with a 
few minor refinements. This has been described in detail by him. The 
mercury used had been electrolytically purified and distilled, and was the 
purest available. Precautions were taken to avoid contamination, the 
mercury coming in contact only with glass, “pure gum” rubber tubing, 
and iron, all of which were carefully cleaned. The mercury pool is shown 
diagrammatically at M, Fig. 1, the surrounding cup, upper and lower 
mercury reservoirs, etc., being omitted. Simply allowing mercury to 
run in through the nozzle in the center of the pool and overflow the rim, 
which was ground to a knife edge, produced an exceedingly clean surface, 
as shown by the consistency with which readings could be repeated on 
successive surfaces. 


MEASUREMENTS 


The lines of the mercury arc which were used were identified by taking 
the interval between them from a plate made with a spectrograph of 
similar dispersing system. The plane of polarization of the polarizing 
prisms was determined by reflecting light from a distilled water surface 
at the polarizing angle, the water surface having been cleaned by the 
method described above for mercury. The divided circles of the prisms 
were investigated for uniformity of scale. The compensator was cali- 
brated over the full range of motion of its wedge at each wave-length used. 
The angle of incidence was made 74° 50’, which is close to the principal 
angles of incidence for mercury at the wave-lengths used, and was checked 
by two methods. Readings were taken with the polarizer both right and 
left of the plane of incidence in each series, and at both 0° and 180° 
quenching points along the full travel of the compensator wedge. 

Observations were made in still air quite free from dust, and the mer- 
cury surface was cleaned every five minutes, although no change in 
constants could be detected in a surface standing as long as fifteen 
minutes. Measurements were repeated to within the probable error of 
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observation over a period of several months, and it is believed that 
surfaces were obtained free from all contaminating films, the figures 
representing absolute values for the metal itself. The temperature of the 
room and of the mercury remained between 20.0° and 22.0°C throughout 
the period of observation. 

The results obtained, together with the probable errors, are given in 
Table I and are shown graphically in Fig. 2. The values of n and nb were 
computed from the formulas given above, and the reflectivity at normal 
incidence, R, from the formula 


— eee) 1 an 


n2(1+- #2) +1420 


Fig. 2. The optical constants of mercury as a function of wave-length. 


The figures in parentheses were computed from values of Q, P, and S, at 
wave-length 5892A, and for g=60°, given by Wheeler.’ He has also 


TABLE I 


Optical constants of mercury in air 


r "gf A? y n nk R(calc) 
(5892A)* (60.00) (149.73+40.07) (40.67 +0.09) (1.57) (5.05) (79 .6)% 
4358 74.83 97,940.18 38:340.09 0.88+0.01 3.4740.01 77.1140.4 
4047 74.83 90.7+0.18 38.9+0.16 0.79+0.03 3.40+0.02 78.5+0.8 
3650 74.83 83.3 +0.15 39.5+0.10 0.64+0.01 2.97+0.01 77.7 +07 
3130 74.83 74.7 £0.23 *40.8+0.12 0:44+0.01 2:5340.02 78.9+0.9 
3022 74.83 69.4+0.48 39.4+0.16 0.55+0.01 2.25+0.03 69.7+1.4 


ee 


* Results for this wave-length are from measurements by Wheeler,® 
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measured” the constants of mercury at wave-lengths 5770, 5461, and 
4358A. The present result for 4358A is in good agreement with his. 
Settings were made at wave-length 4047A both by the direct visual 
method and with the phosphorescent screen, and agree within the 
probable error. 

It is of interest to note from the trend of tlfe curves at the shortest 
wave-length investigated, that we are apparently approaching a region 
of transparency similar to that found for silver at slightly longer wave- 
length. 

The writer wishes to thank Professor B. B. Boltwood, from whom the 
uranium salts and fused silicon were obtained, Dr. G. C. Southworth, 
whose aid in reading and recording the polarimeter settings greatly in- 
creased the accuracy of the experimental work, and Professor Lynde ie 
Wheeler, at whose suggestion the problem was undertaken and who gave 
much helpful advice throughout the work. | 


SLOANE LABORATORY, 
YALE UNIVERSITY, 
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Popular Wissenschaftliche Vorlesungen. E. Macu. (Fifth enlarged and revised 
edition).—This collection of essays dedicated to the memory of Professor William James 
contains 33 papers which were delivered over a period of over fifty years by Professor 
Mach. Many of these have been translated and some have appeared in book form. They 
cover a wide range of subjects but, in the main, are concerned with the philosophical 
basis of Physics and of Science in general. Mach’s philosophy of life is explained in detail 
and he again emphasizes many of the difficulties in our philosophical approach to Physics. 
There is not one of them which cannot be read with interest by the teacher of Physics; 
and those who are familiar with his books on Mechanics and Heat especially will recog- 
nize the great influence Mach has had in presenting in logical form the underlying facts 
of all branches of Physics, and making clear the hypotheses or postulates on which the 
science rests. Many of his concepts must, of course, be replaced in view of the changes 
brought into our philosophy by Einstein and others, but this fact does not detract from 
the importance of his work. Many of the essays deal with the connection between 
Physics and Psychology, or Physics and psychical phenomena. On the whole Mach’s 
influence as illustrated by these papers is notable and is also of permanent value.— 
Pp. 628, Johann Barth, Leipzig, 1923. J. S. AMEs 


Chemistry in modern life. Svante AuGust ARRHENIUS, Director of the Nobel 
Institute, translated by Clifford S. Leonard, former Fellow in Chemistry of the American 
Scandinavian Foundation.—Dr. Svante Arrhenius differs from most research men of the 
first rank in that he is both willing and able to write for the general reader. His theory 
of the electrolytic dissociation opened a new era in analytical chemistry, and he has been 
one of the leaders and rewarders of scientific investigation ever since. Yet he does not 
disdain to talk of ‘Chemistry in Modern Life” in nontechnical language. 

Arrhenius is a humanist in the widest sense of the word, and he is interested alike in 
the theory and applications of his science, in its history and its everyday uses. His 
“Chemistry in Modern Life’”’ which proved a popular book in Sweden and Germany, is 
now published in English as one of the Van Nostrand ‘‘Library of Modern Sciences.”’ 
The translator, Dr. Clifford S. Leonard, who as one of the exchange fellows of the 
American Scandinavian Foundation worked under Arrhenius in the laboratory of the 
Nobel Institute in Stockholm, has done more than merely put the book into English 
words, for he has eliminated some of the material that was of local interest and sub- 
stituted corresponding references to American chemical industries. 

- The author has contributed a special preface to the American edition in which he 
reiterates the warning that he has often voiced before, that the public should realize 
that the rapid expansion of modern civilization is due to the use of fossil fuels and the 
easily accessible ores, all of which are limited in amount, and that chemists must study 
the possibilities of developing new energy sources if our civilization is to be maintained. 
This pregnant paragraph from his preface is worth quoting entire: 


The material basis of our present civilization depends on the use of fossil fuel. But 
it has been calculated that the accessible fossil coals will be nearly at an end in about 
1,000 years, and petroleum in about twenty years. If we do not find some new source of 
energy within a thousand years, humanity will fall back to a state of civilization similar 
to that about a century ago, while the number of inhabitants of our planet will have to 
diminish to a corresponding degree. Luckily we have the energy of the water-falls which 
will not diminish in a sensible degree in comprehensible time, unless we cut off the forests 
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on which the water reserve is more or less dependent. We must harness these falls to 
save as much as possible of our present material culture. But even when we have taken 
them into our service they cannot compensate for the loss of fossil fuels. Humanity 
stands, therefore, before a great problem of finding new raw materials and new sources 
of energy that shall never become exhausted. 

In the end Arrhenius reverts again to the thesis with which he began and concludes 
with the Chemists’ Commandment “‘Thou shalt not waste.” 

The volume contains a vast amount of information on industrial processes and the 
practical meaning of chemical reactions. For instance, the chapter devoted to “The 
Cultural Value of Silica’ covers a wide range from the baked clay of the Stone Age to 
the recent revolution in architecture due to concrete. Arrhenius does not dodge any 
of the difficult reactions or technical details in the glass and porcelain industries, but 
collates his material with skill. He, of course, devotes special attention to ‘‘The Sources 
of Energy” throughout the world, and discusses the possibility of a greater use of wind 
motors and the invention of solar engines. A greater part of the book is devoted to in- 
organic chemistry and metallurgy, but the chapters on “Dyes, Perfumes, and Drugs,”’ 
“Cellulose and Rubber” and ‘‘The Bread Question’’ are practical and interesting.— 
New York, D. Van Nostrand, 1925. $3.00. EpwIn E. SLOSSON 


The Principles of Thermodynamics. GrorGE BirTwisTLE. The purpose of this 
book is unusual in a treatise on thermodynamics, namely to sketch the broad general 
principles and the most important practical applications for such men as intended 
mathematicians, chemists, astronomers, and physicists, whose future scientific work may 
be expected to bring them into more of less intimate contact with thermodynamics. 
The book seems admirably adapted to this purpose. The treatment is simple and the 
general tone almost conversational. Casual references are made to an immense variety 
of topics of physical importance, so that the virgin reader must be impressed by the 
erudition of the author and fascinated by the vista opened to him. If, however, fasci- 
nated by this exposition, he decides to make a more serious study of thermodynamics, he 
will do well to supplement this book with some other in which the conceptual difficulties 
are more emphasized, and from which a mastery of the difficulties in practical applica- 
tions may be obtained by the solution of problems. 

A quite minor criticism, in which I happen to be personally interested, refers to my 
experimental determination of the properties of liquids at high pressures; it is said that 
various thermodynamic relations were ‘‘tested’”’ by these experiments. In these experi- 
ments no attempt was made to test any thermodynamic formula, but the results of 
thermodynamics were freely used in making deductions from the data, which were 
thermodynamically independent. 

Subjects not treated, which might well come within the scope of such a book are: 
the third law of thermodynamics, more extensive reference to applications in physical 
chemistry, and Saha’s work on thermal dissociation in the stars.—Pp. 163, Cambridge 
University Press, 1925. 7s. 6d. P. W. BRIDGMAN 


a 
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PROCEEDINGS 


OF THE 
AMERICAN PHYSICAL SOCIETY 
MINUTES OF THE CHICAGO MEETING, NOVEMBER 27 AND 28, 1925 


The 135th meeting of the American Physical Society was held at the 
Ryerson Physical Laboratory, Chicago, Illinois, on November 27 and 
28, 1925. The President of ‘the Society, Professor Dayton C. Miller, 
presided. Morning and afternoon sessions were held with an attendance 
of about two hundred. The Saturday morning session was divided into 

two sections. 
torn Friday evening the Society held an informal dinner at the Quad- 
rangle Club, attended by sixty-five members and guests. 

The regular meeting of the Council was held on Friday, November 27, 
1925. The following were elected to membership: Vernon M. Albers, 
Frank C. Archambo, Jr., Eugene M. Bacigalupi, Carl I. Baker, 
Roland F. Beers, Norman C. Beese, J. G..Black, E. Bungartz, 
wom burns, srivin Bb. Cardwell, R. A. Castleman, Jr., F. M. 
Clark, Palmer H. Craig, William H. Crew, W. D. Crozier, Richard 
C. Darnell, Myrl N. Davis, Raymond Davis, F. M. Defandort, 
Arthur F. Dittmer, E. Gilbert Dymond, Charles K. Eckels, Paul G. 
Edwards, Alexander Ellett, W. A. Ellmore, Edgar N. Griscwood, Vernon 
Guthrie, I. J. Gwinn, Adolph Haberly, Thomas F. Hargitt, Jamison R. 
Harrison, Gaylord P. Harnwell, K. Horovitz, Arnim D. Hummell, 
Charles W. Jarvis, T. J. Jones, William J. Jensen, Ernest J. Jones, Var- 
nakale L. Jones, Olaf M. Jordahl, J. P. Karbler, Burton A. Kingsbury, 
John Kralovek, George G. Kretchmar, John R. Loofbourow, Erwin F. 
Lowry, Eric R. Lyon, Walter A. MacMair, M. C. Magarian, Miles J. 
Martin, Harry B. Marvin, L. R. Maxwell, George E. Merritt, Warren 
W. Mutch, Nathaniel C. Norman, A. Ray Olpin, E. B. Penrod, Donald 
S. Piston, A. H. Poetker, A. Porilsky, W. E. Ramsey, Alfred M. Ran- 
dolph, R. A. Rogers, Duane E. Roller, Addison M. Rothrock, II, Leone 
Sagui, Vesper A. Schlenker, Walter A. Schneider, Raymond S. Seward, 
H. M. Sharp, George R. Shaw, Henry Shore, Francis G. Slack, Kenneth 
O. Smith, Henry E. Stauss, Fenton V. Stearns, James D. Stranathan, 
Paul K. Taylor, Harold C. Urey, Carl P. Utterback, Calvin N. Warfield, 
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Bertram E. Warren, Wallace Waterfall, Harold E. Way, Julian H. 
Webb, Harold A. Wheeler, Gerald W. Willard, Thomas S. Wilson, Y. H. 
Woo, Robert S. Wood, Lawrence H. Yingling. 

The regular scientific session consisted of 60 papers (10 of which were 
read by title), abstracts of which are given on the following pages. An 


Author Index will be found at the end. = : 
HAROLD W. WEBB, 


Secretary 
ABSTRACTS OF PAPERS 


1. Energy distribution between the modified and the unmodified rays in the Comp- 
ton effect. Y. H. Woo, University of Chicago.—Using small tubes of the Compton 
type and Soller collimators, reliable measurements of the intensity of the scattered 
x-rays were obtained from five radiators—paraffin, wood, carbon, aluminium and sulfur. 
In the case of each of the first four scatterers the Mo Ka rays were scattered at 60°, 
75°, 90°, 105°, 120°, 135°, 150° and 165° with the exception that for aluminium no 
reliable result was obtained at 165°. The scattering with sulfur was observed only at 
75°, 90° and 105°. The results show that the energy ratio of the modified to the unmodi- - 
fied line for a given radiator increases with increasing scattering angle, as predicted by 
Jauncey’s theory (Phys. Rev. 25, 314 and 723); but a comparison of the numerical 
values of the intensity ratio given by Jauncey for carbon and sulfur at 90° with the 
present results indicates that the theory overestimates this ratio. Experiments were also 
performed by keeping a lithium radiator in a lead cell filled with hydrogen. As far as 
they go, the results indicate that in the secondary x-rays scattered from metallic lithium 
the unmodified line in the Compton effect disappears. 


2. Separation of the modified and unmodified scattering coefficients of x-rays. 
O. K. DEFor and G. E. M. Jauncey, Washington University, St. Louis.—The methods 
of a previous paper (Proc. Nat. Acad. Sci., 11,517) for measuring the ratio of S:, the 
modified scattering coefficient at a given scattering angle ¢, to S;, the unmodified scatter- 
ing coefficient, have been improved. Instead of measuring the scattered intensities 
entering an ionization chamber set at ¢ before and after the transfer of a certain thickness 
of aluminum from a position P in the primary beam to a position Q in the scattered 
beam, we now keep the scattered intensity the same after the transfer as before by allow- 
ing more primary rays to fall upon the scattering block. This is done by means of a slit 
whose opening can be varied. A formula for S2/.S; is given in terms of the slit openings 
before and after the transfer of a known thickness of aluminum from P to Q and of the 
change of absorption coefficient of the modified rays in aluminum on scattering. A null 
method has been devised, in which two ionization chambers set at the same angle ¢ at 
opposite voltages are connected to the same electrometer. Aluminum is transferred 
from P to Q for one chamber but not for the other. 


3. A precision measurement of the change of wave-length of scattered x-rays. 
H. M. Suarp, University of Chicago.—According to the quantum theory, the change 
of wave-length of scattered radiation is 54 =h/mc (1—cos ¢) where h is Planck’s radiation 
constant, m is the mass of the electron, c the velocity of light and ¢ the angle of scatter- 
ing. A test has been made when ¢ was 169°, using molybdenum radiation and paraffin 
as the scattering material. The scattered beam passed to a calcite crystal and slit 
attached to the x-ray tube and thence to the photographic plate. The observed value of 
6d is (04825 +.00017) A and the calculated value (.04798 +.00009)A. Using the data 
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of the experiment a value of the mass of an electron independent of e/m has been deter- 
mined. This value is (8.99 + .034) K 10-8 g. 


4. Theory of the intensity of scattered x-rays. G. E. M. Jauncey, Washington 
University, St. Louis.—The theory of previous papers (Phys. Rev. 25, 314 and 723) 
predicts a value for the ratio of s2, the energy of the modified x-rays scattered at an 
angle ¢, to s1, the energy of the unmodified x-rays. The theoretical value of s2/s;, how- 
ever, is based on the assumption that the probability that an electron will scatter in a 
direction ¢ when it is in an orbital position M to scatter modified rays, is the same as 
that when it is in an orbital position U to scatter unmodified rays. This assumption is 
incorrect and, instead of giving s:/s,, the theory gives p(¢), the fraction of electrons 
which at any instant are in the MW position, and } 1 — p(¢)} the fraction in the U position. 
The angular distribution of the intensity of the modified rays is then given by multiply- 
ing the right side of Eq. (27) of Compton’s paper or of Eq. (21) of Jauncey’s paper 
(Phys. Rev. 21, 483 and 22, 233) by p(¢). However, due to the invalidity of the above 
assumption, the angular distribution of the intensity of the unmodified rays is not given 
by multiplying the right sides of the above equations by f1 _ p(¢).} 


5. The disappearance of the unmodified line in the Compton effect. G. E. M. 
JAUNCEY, R. A. Boyp and W. W. Nipper, Washington University.—Jauncey’s theory 
of the unmodified line (Phys. Rev. 25, 314) requires the disappearance of this line at 
values of the scattering angle greater than that given by vers ¢=242 do?/As, where Ap 
is the wave-length of the primary x-rays and ), is the K critical absorption limit of the 
scattering substance and both do and X, are given in angstroms. For the scattering of 
Mo Ka or Mo K& x-rays by carbon or by any element of higher atomic number, there is 
no real solution of the above equation and the unmodified lines are always present. 
However, for scattering by boron the unmodified Ka and K@ lines should disappear at 
147° and 117° respectively. We have accordingly scattered Mo x-rays by boron at about 
145° to 150° and have examined the scattered spectrum photographically by means of a 
Sieman-Ross x-ray spectrometer. After a 60 hour exposure the modified Ka and Ks 
lines show up plainly but the unmodified lines are either absent or are so faint that they 
escape detection. Further experiments are in progress. 


6. The scattering and absorption of the gamma-rays of radium. H. M. Cave 
and J. A. Gray, Queen’s University.—(1) Gamma-rays filtered through 2 cm of lead 
have a mass scattering coefficient equal to 0.102 Z/A, where Z is the atomic number and 
A the atomic weight of the material used. (u/p)p» is 0.053. (2) Gamma-rays for which 
(u/p)pp=0.0475 have been isolated. (3) The distribution of the radiation scattered 
‘from paraffin wax has been determined. (4) The results indicate that gamma-rays 
filtered through 2 cm of lead have an effective wave-length in the neighborhood of 
0.012A. It must be stated, however, that the variation of scattering and absorption 
coefficients with wave-length is not known with sufficient accuracy for an estimation 
of this wave-length to be made with any degree of certainty. 


7. The K series emission spectra for elements from atomic number 50 (Sn) to 
atomic number 83 (Bi). J. M. Cork and B. R. STEPHENSON, University of Michi- 
gan.—Using a spectrograph similar to that previously described except having a greater 
distance (75.593 cm) between slit and photographic plate, measurements were made 
upon the K emission spectra of all elements from Sn 50 to Bi 83 inclusive except 54(Xe), 
61, 67 (Ho), 75, and 80(Hg). The wave-length values of the a’, a, 6 and y lines are given 
in every case except for the 7 line of Bi 83. In addition the frequency numbers v/R and 
(v/R)” are given. Variations with atomic number in the value of the regular doublet 
wave-length difference d\ for the a’ and a lines, are shown, together with irregularities 
in some of the outer energy levels of elements in the rare earth group. 
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8. Theory of the continuous x-ray spectrum. M. SANDOVAL VALLARTA, Massa- 
chusetts Institute of Technology.—A theory is presented, based on the following prin- 
ciples: (1) The continuous x-ray spectrum is due solely to stoppage of electrons on the 
anticathode; (2) emission takes place as light-quanta satisfying Bohr’s frequency 
relation; (3) conservation of energy and of momentum hold for a system made up of 
impinging electron, anticathode atom and emitted light-quantum; (4) the impinging 
electron may or may not lose all its kinetic energy (the loss of energy is at random for 
different electrons); (5) the relation m =mo(1 —6*)~ holds for both electrons and atoms; 
and (6) mass is equal to fv/c?. Differences in electron velocities before impact are 
neglected, also possible changes in the potential energy of atoms. As may be seen, the 
continuous and the characteristic spectra are supposed to have a different mechanism of 
emission. One consequence that can be tested experimentally is that the sharp limit 
depends not only on the tube voltage but also on the direction of observation and on the 
anticathode material. This has already been pointed out by Bronstein. The effect is 
measurable only for voltages less than 1 kv and elements lighter than aluminum. Curves 
are given showing variation of expected effect for different voltages and different mate- 
rials. 


9. Energy distribution in the continuous x-ray spectrum. C. N. WALL, University 
of Illinois, (introduced by Jakob Kunz).—H. A. Kramers has given a theory which 
accounts for the main features of the energy distribution in the continuous x-ray spec- 
trum as observed by H. Kuhlenkampff and others. The theory is based upon energy 
radiation processes which occur in a collision between a free electron and a positive 
nucleus, and upon ideas underlying Bohr’s correspondence principle. In this paper 
the theory is simplified by considerations of both energy and angular momentum radia- 
tion processes which occur during a collision. The result obtained is essentially the same 
as that obtained by Kramers, 


10. Diffraction of x-rays in liquids. G. W. Stewart, RoGER M. Morrow and E. W. 
SKINNER, University of lowa.—Using the Ka radiation from a molybdenum target, the 
diffraction of x-rays was determined by an ionization chamber placed at varying scatter- 
ing angles 0. The following are the experimental results: By Morrow: (a) Solid and liquid 
camphor at 21°C and 205°C respectively show the same location of intensity peaks, 
allowance being made for expansion. (b) Naphthalene, a-naphthol and $-naphthol, as 
liquids, each give a single broad peak which is roughly a mean of the peaks occurring 
with the solid state. These single broad peaks occur at temperatures close to the freezing 
point, also crystalline peaks persist to the melting point. By Skinner: (a) In each of the 
five normal saturated alcohols, methyl, propyl, hexyl, octyl and decyl, a single broad 
peak is accompanied by smaller ones indicating a larger ‘‘grating’”’ spacing. The inten- 
sity curves are similar but shifted to smaller values of 6 with the heavier molecule.— 
The above experiments are favorable to the interpretation of the phenomena as having 
an interatomic cause, probably the existence of crystal fragments giving low resolving 
power. All known data are favorable and none contradictory to this assumption of 
crystal fragments. 


11. Diffraction of x-rays by a ruled metallic grating. R.L. DoAN and A. H. Comp- 
TON, University of Chicago.—X-ray spectra may be obtained by ordinary optical 
methods if a grating of large constant is used; with sufficiently small glancing angles of 
incidence. It is necessary to work within the angle of total reflection, in which case the 
reflected beam is relatively quite intense. The expression for the wave-length is zA= 
2d(a*-+2a0) where 6 and a are respectively the angles of incidence and diffraction. 
X-rays from a molybdenum target, made homogeneous by reflection from a calcite 
crystal, were allowed to fall upon a grating at a glancing angle of less than 10 minutes 


et 
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of arc. In the best photographs three orders of spectra were obtained. Measurements 
of wave-length on the Ka, line gave: A= (0.707 +.003)A. Experiments carried out with 
a copper tube were hindered by lack of intensity but such calculations as could be made 
were satisfactory. More precise measurements on the Ka; radiation from these two 
elements are now in progress, 


12. Lattice parameters and densities of Cu, Ag and W. WHEELER P. Davey and 
T. A. Witson, General Electric Co.—If diffraction patterns of two strain-free crystals 
are taken on the same film, the crystals have the same equivalent center of diffraction 
if they are both diluted so as to have the same efficiency of diffraction. A review of 
diffraction patterns of Cu previously reported showed that this requirement had not 
been sufficiently met. New patterns have been taken (a) with the calibrating substance 
(NaCl) mixed with the Cu, and (b) with diluted Cu at one end of the specimen tube and 
NaCl at the other end. Both methods give 3.605A for the side of the unit cube. This 
gives a density of 8.95. A single crystal of Cu 3 inches long and 1 inch in diameter gave 
a density 8.953 by ordinary methods. This changes Patterson’s values for Cr and Ti 
by 0.3 percent. Density measurements by ordinary methods on a large single crystal of 
Ag gave a density 10.481, agreeing with the previously reported value 10.49 by x-ray 
methods. New x-ray experiments on W using both methods of calibration confirm the 
previous result, side of unit-cube =3.155A; density =19.32. This value for W is consis- 
tent with the new value for Cu. 


13. On some solutions of Maxwell-Lorentz equations which may correspond to 
Bohr’s quantum postulates. N. RAsSHEvsky, Westinghouse Electric and Manufactur- 
ing Company, East Pittsburgh, (introduced by Dayton Ulrey).—It is pointed out that 
the two postulates of the quantum theory, (1) the existence of accelerated electron 
motion without radiation, and (2) the emission of monochromatic radiation by a non- 
periodical motion of the electron, are incompatible not with the classical field equations 
themselves, but only with their solutions in terms of retarded potential. Using advanced 
potentials, solutions compatible with (1) have been obtained by G. Nordstrom and 
Leigh Page. A way of obtaining solutions compatible with (2) has been indicated by 
Lanzsos for a non-euclidian space. In this paper (a) the general mathematical con- 
ditions, which a solution must satisfy in order to be compatible with (1), are investi- 
gated; also (b) such a solution is actually constructed by adding to the retarded poten- 
tials other suitable chosen solutions of the homogeneous equations; and finally (c) by a 
similar method solutions are constructed, compatible with (2). It is investigated under 
what conditions the solution (b) can continuously pass into (c) and vice versa. 


14, Transition probabilities and principal quantum numbers. FRANK C. Hoyt, 
University of Chicago.—In calculating approximate values of probabilities of transition 
from the amplitudes in a harmonic analysis of the electric moment of the atom, the order 
of the harmonic “‘corresponding”’ to a given transition depends on the quantum numbers 
of the stationary states involved. Hence it would seem possible to determine these 
quantum numbers in doubtful cases by comparison of such computed values with those 
deduced from experiment. However, in the case of a single electron moving in an orbit 
of the penetrating type as in ordinary series spectra it may be shown from the harmonic 
analysis obtained elsewhere (Phys. Rev. 25, 174, 1925) for such an orbit thatthe depen- 
dence of the amplitudes on the order of the harmonic is such that they are in reality 
functions only of quantities that may be found from the energies in the stationary states 
(effective quantum numbers) alone, together with the subordinate quantum numbers. 
The transition probabilities are thus independent of the assignment of principal quantum 
numbers. This question is of importance in view of recent attempts to draw conclusions 
as to the principal quantum numbers from experiments on the intensities, absorption, 
dispersion, or magneto-rotation of spectral lines. 
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15. Stripped oxygen. I. S. Bowen and R. A. MILLIKAN, California Institute of 
Technology. —We have heretofore obtained and published the spectra of the stripped 
atoms of all the elements contained in the first two rows of the periodic table except 
oxygen and fluorine. We can now report the successful stripping of the oxygen atom and 
the location of the doublet corresponding to the first term of its principal series at 
\A1031.98, 1037.69. The ionization potential is here 137 volts, a number higher than 
that possessed by any of the atoms thus far stripped, or indeed of any optical series thus 
far worked upon. We have also obtained the pp’ group of the two electron system Oy, 
with such resolution as to clearly bring it out as a sextriplet instead of a quintriplet, and 
to fix the p:p2/pop:1 (Sommerfeld notation, Atombau p. 577) ratio for oxygen at 2.27, a 
ratio fairly close to the value shown by all two-valence-electron systems except beryllium. 


16. The pp’ groups in atomic spectra. R. A. SAWYER, University of Michigan.— 
In order to explain the pp’ groups in two-valence-electron systems, Wentzel, and 
Saunders and Russel have suggested that the second electron makes a ds transition, 
while Bowen and Millikan favor a ps transition. The present paper suggests as a more 
‘general relation that the pp’ frequency is associated with the difference in frequency 
between the two lowest singlet levels in the spectrum concerned and with the difference 
in level between the two lowest doublet levels in the next spectrum (once more ionized 
atom). This may bea singlet SP, singlet SD, doublet oz or doublet o6 transition. For 
certain two-valence-electron system spectra the pp’ frequency is nearly a mean between 
the lowest singlet SP transition and the lowest doublet o7 transition of the next system. 
From this relationship the location of the pp’ group of ZnI has been predicted and the 
group identified. For three-valence-electron systems the pp’ group is near the lowest 
singlet SP transition of the next system. The 7X doublet of All has been identified. 
Numerical examples are given and the significance of these results discussed. 


17, The spectrum of beryllium. R.F. Paton and W. H. SANDERS, University of 
Illinois.—The comparatively simple structure of the beryllium atom makes its line 
spectrum a matter of particularly great interest. However, due to its chemical and 
physical properties the knowledge of its spectrum is very meager. Fortunately the 
authors were able to secure from Dr. B. S. Hopkins a sample of beryllium-aluminum 
alloy formed in the preparation of pure beryllium. Samples of this alloy used as elec- 
trodes in a vacuum spark chamber, furnished a satisfactory source. The spectrum was 
photographed with a quartz spectrograph. Several satisfactory spectrograms have 
been obtained and the results tabulated from 45200 to \2000. The known lines of 
beryllium are the most intense on the plates. In addition to these there is a considerable 
number of new lines which have been ascribed to beryllium, since they occur on all the 
beryllium plates, but correspond to no recorded wave-lengths and are absent from spec- 
trograms of impurities. More complete data now being taken should permit the classi- 
fication of these new beryllium lines in series. 


18. The absorption spectrum of manganese vapor. R. V. ZuMSTEIN, National Re- 
search Fellow, University of Michigan.—By heating the manganese in a small carbon 
tube to about 1600°C, absorption was observed at 31 lines. Grotrian had reported 
absorption at 6 lines. All of the absorptions are from manganese atoms in the normal 
state (1°s term) and occur in groups of 1, 2 and 3 lines. Five absorption lines represent 
1°s—®d’ combinations for which the rule of inner quantum numbers is obeyed but 
the azimuthal quantum number changes by 2. Four lines are 18s—8%p combinations and 


twelve are 1°s—%p combinations. Some of the remainder are perhaps 1°s—‘4p and 18s—2p 
combinations. 


19. The Zeeman effect for the spectrum of flourine. G. HowarD CARRAGAN, Uni- 
versity of Chicago.—An electromagnet suitable for work on the Zeeman effect at high 
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field strengths has been designed and constructed for the purpose of this investigation. 
Certain improvements in the technique of handling flourine have been instituted and a 
form of discharge tube has been devised which is suitable for giving the flourine spectrum 
under high field strengths. The red spectrum has been photographed in the 1st, 2nd and 
4th orders of the 10-inch Michelson grating, and the Zeeman patterns of twenty of the 
brighter lines obtained. The analysis of these patterns with a consideration of the 
ratios of the intervals between the lines and the distribution of their relative intensities 
seem to indicate a quartet system. The principal and diffuse series term combinations 
have been located on this basis. The term combinations of other lines have been pro- 
posed and certain unexplained anomalies in the spectrum pointed out. Certain lines 
observed by Gale and Monk but not given in their published list of wave-lengths are 
cited. 


20. The law of force and the size of diatomic molecules, as determined from their band 
spectra. RAyMOND T. BirGE, University of California.—Assuming for the law of force of 
a diatomic molecule, in the vicinity of the equilibrium position, F=k,(r —ro) + ko’r —1)?-+ 
etc., explicit expressions for the k’s have been derived in terms of the constants of the 
usual rotational energy function for a non-vibrating molecule, Em =Bm?+ Dm'+ Fm etc., 
where m is generally a half integer. Values for the k’s, from the vibrational energy 
function of a non-rotating molecule may be obtained from the work of Born and Hiickel. 
Although the error is much greater when using rotational data, the two independent 
values of k; are found to agree on an average to two percent, for the initial and final 
states of the CN, CuH, Ne and N2* molecules. Dieke’s explanation of the intensity 
anomalies of non-polar molecules requires a m»ment of inertia IJ only one-quarter as 
large as the older accepted values, and this in turn makes the value of ki, from rotation 
only, just four times as large. Hence the above quantitative agreements, based on the 
older values of J, form conclusive evidence in favor of these older values. 


21. The quantum analysis of the band spectrum of AlO (\5200-\4650). W. C. 
PomMERoy and R. T. BirGE, University of California.—Using a new form of aluminum 
arc, spectrograms were taken in 1915 by one of us, in the second order of the large con- 
cave grating of the University of Wisconsin. These have now been measured and the 
(0,0), (1,0), and (0,1) bands of the blue and green group analyzed according to the 
quantum theory. Although the series lines of each band are concealed in the vicinity of 
the “origin,” these points have been definitely located by an extensive and accurate 
verification of the combination principle. No other choice of origins gives even approxi- 
_ mate verification. The necessary theoretical relations between vibrational and rota- 
tional energy constants enable the absolute values of the rotational quantum numbers 
to be established to +0.02. They are exact half-integers. The origin of the (0,0) band 
(A4842) is at vvac=20,635.3, and the limiting values of the moments of inertia for initial 
(emission) and final states are (46.01 +0.04) X10 and (43.38 0.04) X10~*° respec- 
tively. These bands have no Q branch, and the P and R branches consist of doublets of 
the violet CN type. The three bands measured have no observable perturbations. 
Additional theoretical relations are now being tested. 


22. Effect of the type of source on the primary standard of wave-length. GEORGE S. 
Monk, University of Chicago.—Owing to its use as the primary standard of wave-length, 
it is of fundamental importance to know under what conditions of production, if any, 
the wave-length of the red Cd line 6438.4696 A, will vary. Accordingly, several sources 
have been studied by the use of the Fabry-Perot etalon and auxiliary grating dispersion. 
In agreement with the determinations of Hamy it is found that the electrodeless tube 
yields the same value as one with electrodes. The design of the tube and the type of 
discharge have no observed effect on the wave-length. The cadmium-filled carbon arc in 
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vacuum gives the same value, but owing to greater intrinsic line width, the measure- 
ments from this source are attended by a larger error. Also, some interesting differences 
in intensity have been observed. The strongest visible line in the sharp singlet series, 


5154, is subject to measurements of the highest order of accuracy, but on account of 


its relative faintness is not desirable as a standard of wave-length. 


23. Greater dispersion in the extreme ultra-violet. R. J. Lanc and STANLEY SMITH, 
University of Alberta, (introduced by G. W. Stewart).*-The construction and operation 
of an optical vacuum-grating spectrograph capable of accommodating a grating of two 
meters radius of curvature is described. Means are provided for introducing and remov- 
ing the photographic plate as well as for altering the focus and inclination of the grating 
while the vacuum is maintained. Doublet separations for Cu. The following doublets in 
Fowler’s series have been resolved. For (271,2—3¢), Avy=64 in the second order of the 
grating and 60 in the third order. For (271.2 —35), Av=64.5 in 2nd order. For lines 
» =1335 Av=65 and lines \ =1036, Av =62 showing that since the 1036 line belongs to 
C+ probably 1335 does also. Doublet separation for Sim. In this series the doublet 
(301,.—47) has a separation Avy=153. 


24. Coloring of glass in ultra-violet light. C. L. Cross, University of Iowa, (intro- 
duced by John A. Eldridge).—It is known that glasses containing manganese are 
tinted when subjected to x-ray or radioactive illumination and that the same phenome- 
non occurs when the glass is subjected to ultra-violet light. The phenomenon is closely 
related to phosphorescence. It is found that the effective light has a wave-length only 
slightly greater than 2900 (the absorption limit of the glass). Consequently the tinting 
is confined to very near the surface. The tinting is greatly hastened by heating. Two 
different colors may be obtained depending on temperature. At room temperature 
a brown color is produced which with time turns to purple. At 100°C the purple is 
produced at once. The reverse action (decolorizing) is accelerated by heat or visible 
light. A possible mechanism is suggested. 


25. The passage of protons and charged hydrogen molecules through gases. A. J. 
Dempster, University of Chicago.—Protons and charged hydrogen molecules with a 
slow velocity, corresponding to a potential difference of 300 to 900 volts, will pass 
through many molecules without being neutralized, contrary to what would be expected 
from the results with canal rays and a rays. Thus protons have been observed with 


their original charge after 9 collisions with hydrogen and 26 collisions with helium atoms, ' 


using the kinetic theory value of the molecular diameters. The rays were still observable, 
though scattered, when the number of collisions was four times as great as that just 
mentioned. Similar results hold in the case of charged hydrogen molecules. In air and 
hydrogen the penetration is somewhat less and the scattering greater. The velocities 
of the rays are small compared with the orbital velocity of the electrons, so that we may 
think of the rays as causing only an adiabatic distortion of the electronic arrangement 
while passing through, and producing no permanent alteration in the electronic distri- 
bution. There is no tendency for the helium to give up an electron since its ionization 
potential is 24.5 volts, and the energy of formation of the neutral atom or molecule 
considerably less. 


26. Collisions of the second kind in activated ozone. H. D. Smytu, Princeton Uni- 
versity.—Last February a report was made concerning some experiments on collisions 
of the second kind between electrons and pseudo-excited atoms in iodine. Extension of 
the ideas on which that work was based suggests that if an electron collides with an 
activated molecule, the energy of activation or ‘‘critical increment’’ of the molecule 
may be converted to kinetic energy of the electron by a collision of the second kind, the 
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molecule, of course, being thereby reduced to a normal state. Experiments have been 
made on ozone decomposing into oxygen. With a simple arrangement of filament, grid, 
and plate, the current reaching the plate was measured as a function of a retarding field 
between the plate and grid. A constant small accelerating field was maintained between 
the filament and grid. If the process suggested above does occur, there should have been 
some electrons that had greater velocity than that due to the accelerating field alone, 
and such electrons should have been able to reach the plate after the retarding field 
was sufficient to cut off the main group. Some evidence of such high speed electrons was 
obtained. 


27. Critical ionization potentials by positive ion impact in hydrogen. W. J. 
Hooper, University of California.—The experiments of several previous investigators 
were repeated in substance with apparatus designed to make it possible to distinguish 
between ionization and certain spurious factors which have made questionable much of 
the existing evidence relating to ionization by positive ion impact. A great many 
current-potential measurements and curves were obtained with a variety of electrical 
arrangements. The data and curves thus obtained present direct evidence (a) that the 
previously so-called ionization current is due to a secondary electron emission from the 
walls of the ionization chamber and not to ionization of the gas, (b) that this secondary 
electron emission is produced by the impact of the positive ions against these metal 
walls, (c) that either there is no ionization in hydrogen gas by the impact of positive 
ions accelerated by potential differences up to 925 volts, or that if this phenomenon 
exists, its effects are so small at relatively low pressures (.012 mm) that it is completely 
masked by secondary phenomena which make its detection by the ordinary direct 
methods problematic, and (d) that it seems possible that at relatively high gas pressures, 
ionization by positive ions might be an important factor with accelerating potential 
differences well within this same range of voltages. 


28. An optical and electric study of the striated discharge in alkalivapors. A. J. 
McMaster, University of Illinois.—A study of the low voltage discharge in potassium 
vapor using a hot cathode of oxide-coated platinum wire is being made. When a small 
quantity of hydrogen is admitted to the discharge tube, beautiful striations of more than 
one color are produced. The distribution of the potential in and between the striations 
is measured by the exploring electrode according to the space charge method of Lang- 
muir. A striation exhibits a number of well defined layers of different colors which are 
investigated by the spectroscope. 


29. The distribution of potential in low voltage arcs. O. S. DUFFENDACK and W. S. 
KIMBALL, University of Michigan.—Langmuir’s sheath method was employed in 
measuring the distribution of potential in low-voltage arcs in hydrogen. The space a 
millimeter away from the filament is at practically the same potential as the anode. Thus 
there is a large fall of potential very near the cathode and only a small potential gradient 
over the remaining space. Only two potential states seem possible for a particular tube, 
a pre-arc state and an arc state. An oscillating arc is one in which there are rapid transi- 
tions between these two states. When a sufficient potential difference is applied between 
filament and anode of a soft detector or gas filled tube, an arc will strike unless the grid 
is made negative with respect to the filament; then an arc will not strike until the poten- 
tial difference between the grid and filament is reduced to a characteristic value. After 
the arc strikes it becomes independent of the grid potential over wide limits. Such tubes 
have been used for locking circuits at critical instants and for peak voltmeters. After 
the grid potential reaches the critical value, an arc strikes in a very short time (order of 
one ten thousandth second) which becomes less with increasing anode potential. 
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30. Low-voltage characteristic in mercury vapor. RicHARD Rupy, Nela Research 
Laboratory.—The low-voltage mercury arc studied is produced between a surface of 
mercury and tungsten ribbons 1 to 2 mm wide and 1 to 3cm long. As the electron emis- 
sion is increased, the characteristic is gradually shifted towards lower voltages, and the 
arc finally becomes an abnormal low-voltage arc. Increasing the temperature of the 
ribbon lowers the voltage of the arc until strong currents pass at voltages lower than the 
first excitation potential. No oscillations are observed, since the characteristic is rising. 
Reverse fields may exist in the ordinary as well as itt the abnormal low-voltage arc. 
These have been investigated by measuring the resistance of the arc by means of super- 
imposed high frequency currents. With moderate heating of the filament the saturation 
current is well marked and is followed by a linear increase in current with the voltage, 
as ionization again sets in. The slope of this straight line is nearly proportional to the 
saturation current. With strong electron emission the ionization masks the saturation 
current. Currents of over half an ampere are possible with the anode less positive than 
the positive end of the filament. The effect of argon on this low voltage arc has also been 


examined. 


31. Studies on active nitrogen. RicHarD Rupy, Nela Research Laboratory.— 
Afterglow was produced in a bulb containing nitrogen at a few mm pressure by passing a 
momentary discharge through the bulb. The rate of decay of the afterglow increased 
with increasing nitrogen pressure, so that the total light emitted became smaller and 
smaller. This effect was of the same order as the extinction of fluorescence in mercury 
when the density is increased. Argon, up to a few cm pressure, had little influence on 
the rate of decay. The decay was found to follow a bimolecular law for the first 100 
seconds. The temperature coefficient of this reaction, between 20° and 130°, is much 
smaller than that of ordinary chemical reactions. For a bright afterglow all the bands 
of the first positive group of nitrogen were observed. In a bulb about 20 cm in diameter, 
afterglows lasting more than 15 minutes were obtained. The nitrogen molecule retains 
vibrational energy and therefore reacts quickly with other substances, or causes them to 
_ emit light, as if at high temperature. Band spectra excited by active nitrogen (particu- 


larly if the vibrational quanta are not too different) show vibrational energy as if at ~ 


high temperature, whereas the rotational energy indicates low temperature. 


32. On the discharge of electricity between equipotential plates. Mason E. Hur- 
FORD, Indiana University.—A study has been made of the glow discharge of electricity 


between a perforated cathode and a connected auxiliary electrode. The dependence of ~ 


the presence of the discharge upon pressure range was determined with aluminum elec- 
trode and various gases, air, oxygen-coal-gas, hydrogen-coal-gas, oxygen, hydrogen and 
helium. Experiments showed that electrons are evolved from the metal surface behind 
the cathode and these neutralize the canal rays. Experiments were made to show the 
relation of total voltage on the discharge tube to the current from cathode and auxiliary 
plate. Potentials at points in the glow region were measured by the probe method. The 
change of potential of a fixed point in the glow with change of pressure was tested. Study 
was made of the glow potentials using copper as cathode and again using gold as cathode. 
Potentials were measured when the walls of the tube were coated with sputtered metal 
and the discharge consisted of a glow only. Comparison was made of the fall of potential 
in the glow region and the cathode fall of potential obtained by other experimenters. 


33. Mobility of the ions in the corona discharge. W. M. Younc, University of 
Illinois, (introduced by Jakob Kunz).—The mobilities of the ions generated in the direct 
current corona discharge have been directly measured. Gas, moving with a uniform 
velocity, has been ionized in a cylindrical corona tube and then passed into an ion 
chamber consisting of a hollow cylinder with electrodes along the axis. The ion current 
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to the last electrode, when plotted as a function of the cylinder potential, exhibited 
maxima which indicated the formation of groups of ions. A large number of groups were 
obtained whose mobilities, for oxygen, nitrogen, and carbon dioxide were all less than 
.716 cm/sec/volt/cm, ranging down to 10 cm/sec/volt/cm. Nearly all mobilities were 
found less than 107°, the ions apparently being generated in about equal numbers, 
except that now and then a greater number of a certain mobility were formed. If it 
can be assumed that the charge determines the mobility of the ion, evidence can be 
found of ions which contain different charges. However, if mass is the determining 
factor, then ions may be picked out having the same charge but whose mobility varies 
inversely as the square root of the molecular weight. The fact that the ions all possessed 
small mobilities seems to indicate that J. Kunz made the correct assumptions when he 
calculated the average value from the experimental determination of the pressure 
increase in the d.c. corona. 


34. Geiger counting chambers. C. W. HEWLETT, General Electric Co.—A study 
of Geiger counting chambers has been made, with the object of throwing some light on 
the mechanism by which radioactive rays register themselves in this type of apparatus. 
Evidence has been obtained suggesting that, in order to be registered, a radioactive 
ray must pass through a conical region extending from the point to the walls of the 
chamber. The extent of the base of this conical region may be very small and located 
on the end closing the chamber, or it may be large, covering the whole end of the chamber 
and even part of the side walls, depending upon the distance of the point from the end 
of the chamber. Examples are given of the determination of small amounts of radio- 
active matter mixed in relatively large amounts of other matter. 


35. Shot-effect of electrons produced by impact ionization. ALBERT W. HULL and 
N. H. WitiiAMs, General Electric Company.—A two-electrode tube with pure tungsten 
filament was filled with argon to a pressure of .04 mm. The temperature of the filament 
was adjusted to give .003 m-amp.emission and the plate voltage raised until this emission 
current was multiplied thirty fold by ionization, giving a total current of 0.1 m-amp. 
The shot-effect was found to be exactly the same as for pure temperature-limited electron 
emission. This result would be in harmony with the hypothesis that ionization is effected 
in two steps, namely, absorption of energy from the impinging electron by the atom as a 
whole and subsequent emission of an electron after a brief, but random, interval. Such 
a process would account for the observation of Dushman and Found (Phys. Rev. 23, 
734, 1924) that the ionization in different gases is proportional to the total number of 
electrons in the molecules of the gases. A much larger shot-effect would be expected on 
the conventional theory of instantaneous emission, which assumes two low velocity 
electrons leaving the atom together as the result of an ionizing collision. It is possible, 
however, that some modification of this theory could account for the observed result. 


36. The ‘“‘reflection’’ of electrons from the anode of a Coolidge x-ray tube. W. R. 
Ham and Marsu W. WuirE, Pennsylvania State College.—Some of the electrons imping- 
ing on the anode of an x-ray tube are ‘‘reflected”’ to other portions of the tube. The ratio 
of the number reflected to the total number was measured quantitatively and found to be 
surprisingly large. The method employed was to measure the energy input into a water- 
cooled tube from a d.c. source and the heat received at the anode. The latter was 
obtained by using a flow calorimeter method. In a previous paper (Phys. Rev. 23, wae 
1924) the writers described experiments which proved the equivalence between the 
energy input into an x-ray tube and the heat which is ultimately produced. Consequently 
the fraction of the electrons which are reflected is the ratio of the difference between the 
total energy and the heat generated at the target to the total energy input. The data 
indicate that the percentage of reflected electrons rises from approximately 15 at 2 kv to 
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25 at 5 kv and then falls off to 13 at 20 kv. These data were taken with a current of 
10 m-amp. The experiments are being continued to study the variation of the reflection 
coefficient with other factors. 


37. The role of the Faraday cylinder in the measurement of the velocities of the | 


electrons emerging from small apertures. ERNEst O. LAWRENCE, National Research 
Fellow, Yale University.—The experiments of Lehmann and Osgood (Proc. Cam. Phil. 
Soc., 22, 731) led to the conclusion that a large fraction of the electrons emerging from 
small apertures have velocities less than the velocity corresponding to the applied 
voltage. However, the efficiency of the Faraday cylinder was not experimentally investi- 
gated. Present experiments with a Faraday cylinder of variable dimensions have shown 
that the observed apparent lack of homogeneity of velocities of the electrons is very 
definitely a function of the cylinder, indicating that a considerable part of the apparent 
inhomogeneity is merely due to a re-emission of electrons from the cylinder. These 
experiments show that Faraday cylinders in general are not as efficient absorbers as is 
usually assumed. This conclusion is further illustrated by the experiments of J. T. Tate 
(Phys. Rev. 17, 395, 1921) who found that the most efficient Faraday cylinder he 
designed had an absorption coefficient of about .95. 


38. Thermionic work function and space charge. J. SLEPIAN, Westinghouse Elec- 
tric and Manufacturing Company, East Pittsburgh, Pa.—Work function and space 
charge are separated on the basis that work function is microscopic in nature and 
space charge macroscopic. The work.function then varies with electron space density, 
becoming zero or negative if the electron space density is sufficiently high. For an elec- 
trode in contact with a completely ionized gas at atmospheric pressure, the work function 
is reduced by about 0.6 volt. 


39. Thermionic and evaporation characteristics of adsorbed films of caesium on 
tungsten. J. A. Becker, Bell Telephone Laboratories, Inc.—When a tungsten fila- 


ment in caesium vapor is heated above a critical temperature T, of 800°K, every atom. 


that strikes evaporates as a positive ion. When the temperature T is lowered to 600° K, 
the caesium deposits, the electron current increases, comes to a sharp maximum at tm 
seconds, decreases and later becomes steady. This shows that a certain number Np of 
caesium atoms produce an optimum activity. If the initial T>T, and the final T <600°, 
t, depends only on the positive ion current zp. Hence above T, the filament is bare if we 
draw positive ions; and below 600°K every atom that strikes sticks, at least until Mo 
have stuck. If zp, is changed by varying the bulb temperature, i; Xfm remains constant. 
From the value of this constant, Ny =(3.9+.2) X10 atoms/cm2, which indicates that 
at the optimum the caesium is closely packed and has its atomic rather than its ionic 
diameter. Varying the initial conditions before lowering T shows that if the plate is 
negative both atoms and ions evaporate, while if it is positive only atoms evaporate. 
The atomic rate of evaporation increases with the fraction of the surface covered, whereas 
the ionic rate decreases. 


40. Emission of positive ions from hot tungsten filaments. R. L. KENWORTHY, 
University of Iowa, (introduced by John A. Eldridge).—Jenkins has shown that when 
the filament of a Coolidge tube is made very hot, positive ions are emitted. If heated 
for some time with reversed potential (which kept the positives from leaving the fila- 
ment), the available positive ions appeared to accumulate so that when later an attract- 
ing field was applied an abnormally large positive emission was observed for several 
minutes, Using a special two element tube the phenomenon was further studied. In 
general Jenkins’ results were confirmed. It was found that the proportion of the evapo- 
rated atoms which carried a positive charge was 1 in 1600. 
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41. Investigation of photo-electric valve coated with potassium. \. M. ALBERS, 
University of Illinois.—The tube used by Tykociner and Kunz has been studied more 
thoroughly. In the case of a transparent deposit on the connecting tube, curves are 
given showing the current through the tube when illuminated, J;, and when dark, Jaq. 
The ratio I;/Ja reached a minimum at 40 and at 300 volts. The difference reached a 
maximum for a potential difference of 200 volts. The current increased linearly with light 
intensity at first and then less rapidly, approaching a saturation value. With an opaque 
film of potassium, illuminated through a window, the current increased in proportion 
to the voltage to 1000 volts and also in proportion to the light intensity. Evidently the 
thicker film gave the more efficient valve. Tests with dispersed light showed that with 
both transparent and opaque films, the current per unit energy decreased rapidly with 
increasing wave-length, reaching zero at between 520 and 540 my. In explanation of 
these effects it is suggested that photo-electric emission from the film reduces the accu- 
mulation of electrons on the wall which tends to stop the current through the tube by 
electro-static repulsion. However, this does not explain the variation of the effect with 
wave-length. 


42. The electrical conductance of the halides of sodium. T. E. Puiprs, W. D. 
LANSING, and T. G. Cooke, University of Illinois, (introduced by Jakob Kunz).—The 
electrical conductance of the halides of sodium in the solid state was measured over a 
wide range of temperature. The powdered crystals were compressed under high pressure 
to semitransparent disks. In the case of NaCl, the conductance of this disk agreed very 
well with that of a natural crystal. A relation between conductance and temperature 
was derived theoretically and found to be «=ce~/*!, where x is the conductance, and 
¢ is the energy of liberation of an ion in the lattice. Then e= —kd log «/d(1/T) ande can 
be calculated from the slope of the log x, 1/T curve. Experimentally, each salt showed 
two distinct slopes, that at higher temperatures being approximately twice that at lower 
temperatures. A tentative explanation suggested for this behavior is that the positive 
ion alone conducts at lower temperatures and both ions at higher temperatures. It was 
found that for each sodium halide the energy of liberation of an ion in the lower tempera- 
ture range was approximately 39 times the natural quantum of the crystal as derived 
from specific heat data. ; 


43. Measurements of high frequency amplification with shielded-grid pliotrons. 
ALBERT W. HULt, General Electric Company.—Further tests have been made with the 
tubes previously described (abstract, Phys. Rev. 23, 299, 1924). The distinguishing 
feature of these tubes is that they are made as nearly unidirectional as possible by 
thorough electrostatic shielding between the control-grid and plate. The shielding is 
accomplished internally by means of an extra grid between control-grid and plate, 
maintained at a constant positive potential, and externally by appropriate arrangement 
of supporting and leading-in wires and the use of grounded conductors. In this way it 
was found possible to reduce the effective capacity between control-grid and plate to 
less than .01 e.s.u. The most interesting application of these tubes is voltage amplifi- 
cation at high frequencies. Amplification measurements were made at 50, 1,000, and 
10,000 kilocycles. At 50 kc the voltage amplification per stage was 200. At 1,000 kc 
each tube amplified 40-fold, and 4 in series gave a total voltage amplification of 2 million. 
This is shown to be the maximum amplification that can be usefully employed at any 
frequency, because of the presence of shot-effect. At 10,000 kc each tube amplified 
7-fold, and 5 in series gave 10,000. No oscillations or other evidences of feedback were 

observed at any frequency. The use of negative plate resistance was found to be advan- 
tageous for cascade amplification with low battery voltage, and for single tube operation. 


44. Measurement of the series resistance of a condenser at radio frequency. 
Cuarves D. Cattis, Indiana University, (introduced by R. R. Ramsey).—The variable 
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condenser is placed in a radio frequency (10° cycles) circuit with a coil made of fine 
wire with approximately the same high frequency and d.c. resistance. The resistance 
of the circuit is measured by the well known resistance variation method. The resistance 


is then measured with a second coil exactly like the first replacing it, and again with. 


the two coils placed in series opposition so as to have the same inductance as that of one 
coil. From these three readings the resistance of the coils and the resistance of the con- 
denser can be determined. It is found when the coils are made of fine wire that the 
computed resistance of the coils is the same as their d’c. resistance. Since the computed 
resistance is the d.c. resistance the assumption is made that the resistance of the coils 
is independent of position and constant, and that the computed resistance of the con- 
denser is the true resistance. A number of sets of coils were made in order to obtain the 
condenser resistance at various dial readings. These values plotted against the reciprocal 
of the capacity give approximately a straight line. 


45. The high frequency resistance of condensers in series. R. R. RAMSEY, Indiana 
University.—In attempting to get a check on the work of Charles D. Callis (preceding 
abstract) it was discovered that if two condensers of the same general type were placed 
in series in a resonant circuit the resistance of the two condensers in series was approxi- 
mately the same as the resistance of a single condenser when placed in the same resonant 
circuit. This is found to be a direct consequence of the ordinary law of resistances in 
series if the resistance of a variable condenser varies inversely with the capacity of the 
condenser. 


46. Linear amplification of galvanometer deflection by the photo-electric cell. 
F. E. Nutt, University of Illinois. —Dr. Jakob Kunz suggested a method whereby the 
deflection of a moving mirror system may be amplified linearly by reflecting a beam of 
light from the mirror to a triangular slit in front of a photo-electric cell. This method 
has the advantage that the photo-electric cell has no lag. It may therefore be used to 
secure linear amplification of even short period instruments, such as the siphon recorder 
used in ocean cable signal reception. 


47. Electricity and Newton’s third law of motion. JoHN A. ELDRIDGE, University 
of Ilowa.—Newton assumes action at a distance and asserts that the action and reaction 
act in opposite directions on the same line. The “‘magnetic forces’ between two 
neighboring conductors violate this law, having parallel but not coincident lines 
of action. The contradiction is in part only apparent because ‘‘magnetic forces’’ are not 
strictly forces. The terminology is unfortunate since it misleads the student. The 
actual forces between two charged masses moving in a plane are always in this plane. 
Insofar as they are directed along the line joining the centers of charge they accord with 
Newton but there is usually a component in the direction of motion which is not New- 
tonian. This situation is usually summarized by saying that the electrical field is not 
derivable from a potential. While not agreeing with Newtonian mechanics, electrical 
phenomena are of course in good accord with relativity mechanics. 


48. The role of magnetism in valence. E. H. WILLIAMs, University of Ilinois.— 
The formation of chemical bonds by electric forces is difficult to reconcile with the Bohr 
atom. It has been suggested that valence may be due to magnetic forces produced by 
electronic orbits. The magnetic susceptibility of odd and even molecules (molecules con- 
taining an odd or an even number of electrons) has now been measured. Four substances 
containing both odd and even molecules have been tested. Two of these substances, 
compounds of copper and chlorine, changed from paramagnetic for odd molecules to 
diamagnetic for even molecules and the other two, compounds of manganese and cobalt, 
while strongly paramagnetic for odd molecules, became less paramagnetic for even 
molecules. This was especially noticeable in the case of cobalt compounds which de- 
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creased more than ten fold. Two oxides of both tin and lead were also examined. Since 
the atomic numbers of both of these el ments are even, the oxides form even molecules. 
In all four cases the substances were diamagnetic. While conclusions cannot be drawn 
from the limited number of substances worked with, it is interesting to note that in all 
cases substances that are weakly paramagnetic for odd molecules become diamagnetic 
for even molecules and substances that are strongly paramagnetic for odd molecules 
become less paramagnetic for even molecules. 


49. Temperature coefficient of magnetic permeability of sheet steel. THomas 
SPOONER, Westinghouse Research Laboratory, East Pittsburgh.—The temperature 
coefficients of magnetic permeability as a function of maximum induction and maximum 
magnetizing force are given for commercial sheet steel such as is used in electrical 
apparatus. The temperature range is from — 20°C to +46°C. Three grades of material 
were tested having a silicon content of approximately 0.9, 2.2 and 4 percent, respectively. 
The average temperature coefficients have a negative sign for all inductions for the high 
silicon steel but for the low and medium silicon steels the coefficients are positive for 
the low inductions and negative for the high. The maximum negative temperature 
coefficients occur at about 10 kilogauss, which is appreciably higher than the inductions 
corresponding to maximum permeability. 


50. J. W. Fisher’s experiments and the possibility of magnetization by rotary fields. 
S. J. BARNETT, Carnegie Institution of Washington and California Institute of Tech- 
nology.—In two recent investigations, with negative results, J. W. Fisher has looked for 
longitudinal magnetization of ferromagnetic cylinders in a cross magnetic field rotating 
in a plane normal to their axes. The present paper criticizes Fisher’s theory, showing 
that the magnetization calculated by him should be multiplied by a factor approximately 
three halves the ratio of the cross magnetization to the saturation magnetization, thus 
reducing it very greatly and making the effect, if existent, undetectable under his 
experimental conditions. Another investigation of this effect, which is closely related 
to that of magnetization by rotation, now long established, is in progress here. A mag- 
netic field, approximately uniform throughout a certain toroidal region and with inten- 
sity normal to the generating circles of the toroid, is produced and rotated by a two-phase 
current system. The toroid is filled with a ring, circular in cross-section, of fine permalloy 
wire surrounded with symmetrical coils in circuit with a galvanometer, whose throw is 
read when the rotation is reversed. This arrangement takes full advantage of permalloy’s 
enormous susceptibility and eliminates disturbances due to fluctuations of the earth’s 
field; and it is hoped that the elimination of other disturbances will make a conclusive 
investigation of the effect possible. 


51. Torque on revolving cylindrical magnet. A. L. KimpaLt, Jr., General Electric 
Co.—In a paper recently published in the Physical Review by Zeleny and Page, it was 
shown that the explanation often given of the cause of electromagnetic rotation of a 
cylindrical magnet with a side arm dipping into an annular trough is incorrect, but that 
by taking account of the reaction between the flux and current both in the magnet and 
in the side arm a good check between experiment and theory can be obtained. In the 
present paper it is shown that the experiment can also be explained by regarding the 
torque as arising from the reaction between the current in the part of the circuit ex- 
ternal to the magnet, and the magnetic field, thus avoiding the necessity of thinking 
of the torque as arising from a reaction between current and field both carried by the 
suspended magnet, as assumed by Zeleny and Page. Both theories lead to the same law 
of torque. 


52. The vapor pressure of solid sodium amalgams. FRANKLIN E, POINDEXTER, 
Washington University, St. Louis.—A Buckley ionization gauge was used to measure 
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the vapor pressure of eight sodium amalgams ranging in concentration from 1:1 to 15:1 
mol ratio of Hg to Na. The vapor pressure of each amalgam was measured at a number 
of temperatures which were determined by means of a platinum resistance thermometer. 
The pressures measured varied from approximately 107° mm to 10-3 mm over a maxi- 
mum temperature range of from —56° to 90°C. The log p vs 1/T graphs for the different 
amalgams were found to be approximately straight lines. The heats of reaction were 
calculated by means of the Van’t Hoff reaction isochore, the pressures at different 
temperatures for these calculations being taken from*the log p vs 1/T graphs. These 
heats of reaction varied from 15000 cal. in the case of the amalgams rich in Hg to 14,000 
cal. for the 2:1 amalgam. This small heat difference over such a wide range of concen- 
trations indicates that most of the heat of reaction between Na and Hg.is liberated in 
the formation of the initial compounds. 


53. Variation of the coefficient of viscosity of air with the relative humidity. J. C. 
STEARNS, University of Chicago, (introduced by H. G. Gale).—The coefficient of vis- 
cosity of air with various relative humidities was measured by the concentric cylinder 
method. The presence of water vapor decreased the viscosity at all pressures. At 
atmospheric pressure the viscosity was reduced one third percent by saturating the air. 
At a pressure of 14 mm, the viscosity was reduced by 35 percent of its value when 
moisture was introduced. 


54, Transmission of sound by masonry partitions. PauL E. SABINE, Riverbank 
Laboratories.—The reduction of the intensity of sound in transmission from room to 
room by way of partition walls of masonry was measured by the reverberation method. 
Eighteen tones, covering the pitch range from 128 to 4096/sec. were employed. Tests 
were made on walls 50 square feet in area, built into a doorway between two rooms 
entirely separated structurally. Eighteen walls, including the common types of per- 
manent partitions were tested. The structural stiffness of the partitions was also deter- 
mined by measuring the yielding of the mid-point under a small excess of atmospheric 
pressure on one side. For a single tone, the results of the tests were not interpretable. 
The average reduction over the whole tone range, however, proved to be independent of 
the structural stiffness of the partition and of the particular material employed and to be 
a function only of the mass per unit area of the partition considered as a whole. For 
masonry partitions under the test conditions ranging in weight from 10 to 45 pounds per 
square foot, the reduction of sound intensity in transmission is given yery approximately 
by the equation J/z=.593 (Wt. in pounds/Area in sq. ft.),3/2 


55. Transmission of sound by double-wall partitions. Pau E. SABINE, Riverbank 
Laboratories.—The average reduction of intensity of sound in transmission by a single 
wall of gypsum tile was measured over the frequency range, 128 to 4096/sec. A second 
wall of the same weight and material was built without any structural connection and 
with an intervening air space of 2 inches between the two walls. The effects of structur- 
ally bridging and of filling this space with different materials were determined by 
measuring the transmission of sound by these structures. The following ratios of inten- 
sities, upon opposite sides of various composite walls of this type were obtained: single 
wall, 420; double wall bridged with wood, 10,300; double wall, sawdust filled, 8,700; 
double wall, slag filled, 11,300; double wall, felt filled, 31,000; double wall, completely 
separated and without filling, 32,000. The conclusion is drawn that the bridging action 
of a filler of absorbent material more than offsets the reduction of acoustical energy due 
to absorption by such a material. 


56. The action of acoustic wave-filters in solids. H. F. OLson, University of Iowa, 
(introduced by G. W. Stewart).—Quantitative measurements of transmission in solid 
filters composed of brass cylindrical masses attached to a brass rod conduit, have been 
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made, and those in which the branches are cylindrical masses of like diameters and 
lengths show the following results. The application of the formula for low-frequency-pass 
filters in fluids was found possible provided the inertance of the branch is made equal to 
0.75 of the volume and the capacitance of the branch 8.51073 of the volume. The 
increase in volume of the branch, the increase in distance between the branches, and the 
appearance of the additional bands are all in accordance with the formulas for low- 
frequency-pass-filters. The physical action of the filter is very complicated but the above 
empirical relations indicate that a simplified theory of the action can be secured. 


57. Optimum reverberation in auditoriums. F. R. Watson, University of Illinois. 
—One of the necessary considerations in designing or correcting the acoustics of an 
auditorium is to secure conditions that will insure an optimum time of reverberation. 
A number of publications have dealt with this question, but from somewhat different 
standpoints. The writer has attempted to discuss these results on a common basis to 
show any differences that may exist. 


58. Anomalous action of the Rayleigh disk. CHARLES H. SKINNER, Ohio Wesleyan 
University.—The turning moment on a Rayleigh disk when used to compare sound 
intensities is usually considered as proportional to the intensity and in such a direction 
as to set the disk more nearly at right angles to the axis of the resonator in which the 
disk is mounted. For certain short wave-lengths, however, the turning moment is 
reversed, and the disk tends to take up a position parallel to the axis of the resonator. 
The longest wave-length for which this occurs is approximately two times the diameter 
of the disk, the exact value depending on the relative dimensions of the disk and reson- 
ator. 


59. The practical importance of relativity. JonHn A. ELprince, University of 
Iowa.—The restricted theory of relativity is usually considered recondite, without 
practical application. It is true that Newtonian mechanics are sufficiently accurate in 
other engineering applications, but not in the field of magnetism the existence of which 
is an indication of the breakdown of classical mechanics. In an electrical age it is hardly 
possible to consider relativity as an impractical refinement upon the Newtonian mechan- 
ics. 


60. The isotopic composition and the atomic weight of terrestrial and meteoric 
chlorine. WutLt1am D. Harkins and S. B. Stone, University of Chicago.—Accurate 
determinations of the atomic weights of meteoric and terrestrial chlorine indicate that 
this element has the same isotopic composition in the meteorite as on earth, which is 
favorable to the hypothesis of Harkins that the percentage of isotopes in elements is 
determined at least largely by the relative stability of the different types of atoms. The 
average atomic weight on earth of the meteorites is found by these determinations to be 
35.4576, which indicates 77.13 percent of the light isotope and 22.87 percent of the heavy, 
provided the atomic weights of the separate species are exactly 35 and 37. The table 
listed below gives in parentheses the number of determinations and the values represent 
the ratio of silver-chloride to silver, found by direct weighing, with the probable errors 
calculated by the method of least squares. 


(7) Apatite 1.32867, + 0.0000033 
(7) Wernerite 125 2560/7 = ee 43 
(7) Hydrochloric acid 1.32867, + 43 
(21) Terrestrial 1532801720 31 
(7) Meteoric 1.32868) + A7 
(28) Meteoricand terrestrial 1.328676 + 23 
(8) Sodalite 1.32868. +. 67 
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fo oO AL REVIEW 


THE DISTRIBUTION OF ENERGY BETWEEN THE 
MODIFIED AND THE UNMODIFIED RAYS 
IN THE COMPTON EFFECT 


By Y. H. Woo 


ABSTRACT 


Intensity ratio of modified to unmodified scattered x-rays as a function of 
scattering angle.—Using small tubes of the Compton type and Soller colli- 
mators, reliable measurements of the intensity of scattered x-rays were ob- 
tained from five radiators—paraffin, wood, carbon (graphite), aluminium and 
sulfur, An ionization spectrometer (ethyl bromide) with a large calcite crystal 
was employed. Since the wave-length range investigated was small, the 
relative energy of each spectrum was obtained, to a close approximation, by 
integrating with a planimeter the area under the ionization curve which 
represented the line. The results of this measurement are as follows: 


¢ R (paraffin) R(wood) R(carbon) R(aluminium)  R(sulfur) 
60° 2529 1.19 1.08 0.46 ae 
75 3.10 1.85 St 0.74 0.25 
90 4.69 A 145 0.91 0.42 
105 5.16 3221 1.82 1723 0.67 
1205, > 5.49 4.57 2.26 1.45 
135 OU OL 5.38 3.42 2.11 
150 6.98 O:21 4.05 ey 
165 1.47 7.00 4.86 


where ¢ represents the scattering angle and R the intensity ratio of the modified 
to the unmodified line. The values of R increase with angle of scattering for a 
given element in the general manner predicted by Jauncey’s theory, but the 
numerical values given by the theory are 20 to 50 percent too large. For 
a given angle, the values of R increases as the atomic number decreases, being 
greatest for paraffin which contains relatively more hydrogen than does wood. 
Experiments were also performed with a lithium radiator kept in a lead cell 
filled with hydrogen, on which two mica windows (about 0.005 mm in thick- 
ness) were provided so that one of them allowed the primary ray to fall on the 
scatterer and the other permitted the secondary ray to pass into the collimator. 
With a scattering angle of 110°, the unmodified line was practically absent, 
certainly less than 4 percent of the modified. This seems to prove that the 
Compton effect cannot be attributed to anything other than true scattering. 
This also favors the hypothesis, suggested by A. H. Compton, that the 
unmodified line occurs when the energy imparted to the electron during the 
process of scattering is insufficient to eject it from the atom. 
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ie connection with the study of the Compton effect in the scattered 
x-radiation it is important to measure the relative intensity of the 
modified and unmodified lines. Once such measurements have been 
made with some accuracy, they may throw some light upon the question 
of how the orbital electrons take part in the scattering effect. 


METHOD AND APPARATUS 


For the measurement of the intensity of the secondary radiation a 
spectroscopic method was employed. The arrangement of the ap- 
paratus was similar in general character to that employed by Compton! 
for measuring the spectrum of the secondary x-rays scattered from 
carbon and is diagrammatically shown in Fig. 1. 


Lead BBox 


X-Ray 

rons NE 
Ionisation 
Chamber 


rystal 


Collimator 


Fig. 1. Diagram of apparatus. 


The primary x-rays from the target T of an x-ray tube fell upon the 
secondary radiator R, which was placed in line with the collimator. 
Lead screens, L; and Ls, disposed between the tube and the collimator, 
prevented stray radiation from leaving the lead box which contained 
the x-ray tube. The rays from the secondary radiator R, after passing 
through the collimator, struck the calcite crystal of the Bragg spectrom- 
eter, which reflected some of them into the ionization chamber. A 
sensitive Compton electrometer measured the ionization in the usual 
way. 


1 A. H. Compton, Phys. Rev. 22, 409 (1923). 


— 
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The collimator, due to Soller,? was composed of a pile of sheets of 
lead foil separated by strips of lead foil. Two collimators, each with 
a length of about 17 cm, were employed in the present work. The x- 
ray tube, of small diameter, was of the type described by Compton.! 
For this work a current of 35 to 45 mil-amp. passed through the tube, 
coming from a generating plant consisting of transformers and keno- 
trons producing an intermittent direct current at about 65 peak kv. 
The primary voltage of the high tension transformer was supplied from 
the mains and was carefully controlled by an induction regulator so 
that the variation was kept within half a volt. 

With these devices, and by using a large calcite crystal to reflect 
the broad beam from the collimator to the ionization chamber, it was 
possible to secure sufficient intensity without loss in resolving power. 
This seems to make a satisfactory apparatus for studying the intensity 
of the secondary radiation by the ionization method. 


EXPERIMENTAL RESULTS 


For the study of the energy distribution between the modified and 
the unmodified rays it was necessary to employ radiators of light 
elements in order to secure intensity sufficient for precise measurements. 
In the present experiments paraffin, wood, carbon (graphite), aluminium 
and sulfur were used as the scatterers. While the samples of paraffin, 
wood and carbon were in the form of a cylinder 1 cm in diameter, the 
aluminium and the sulfur were in the form of flat plates. In every case 
of the first four radiators the spectrum of molybdenum Ka rays was 
scattered at 60°, 75°, 90°, 105°, 120°, 135°, 150°, and 165° (in the case 
of aluminum no reliable result was obtained at 165°). Because of an 
accident to the x-ray tube, the experiments with sulfur were performed 
only at 75°, 90° and 105°. 

One set of the experiments with paraffin as the secondary radiator 
is represented by Fig. 2, in which the curves represent the inoization 
current in arbitrary units as a function of the glancing angle of in- 
cidence of the rays on the calcite crystal. Curves similar to those in 
Fig. 2 were obtained for the experiments with wood, carbon, aluminium 
and sulfur as the radiators. Detailed tabulation of these results would 
be tedious and unnecessary. For measuring the spctra at 60°, 75° 
and 90° the width of the slits in the collimator was 0.2 mm, while 
for 150° and 165° the width of the slits was increased from 0.2 to 0.4 mm 
in order to secure greater intensity. For 105°, 120° and 135° both colli- 
mators were employed at convenience. 


* W. Soller, Phys. Rev. 23, 272 (1924). 
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Two sets of experiments were performed with each of the five samples 
as the secondary radiator. From these measurements the distribution 
of energy between the modified and the unmodified lines was estimated. 
In view of the fact that the wave-length range investigated in the 


Molybdenum Radiator, K, line 


Scattered at 60° 


Bcattered at 75 


Scattered at 90° 


Scattered at 105° 


3 : : = s 7 Q 310" o 


Fig. 2 (A). Intensity distribution of x-rays scattered from paraffin at various angles. 
P marks the position of the primary Mo Ka line, M the position of the modified peak 
calculated from Compton’s theory. 


present work is small, we can assume to a close approximation that 
the energy in the different lines is proportional to the area under the 
ionization curves. This approximation is the more exact since the 
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reflection coefficient of a calcite crystal is nearly independent of the 
wave-length, and since the ionization chamber was filled with ethy!] 
bromide vapor and thus absorbed nearly all the x-rays of the wave- 
length studied. The relative energy of each spectrum was therefore 
obtained by integrating with a planimeter the area under the curve 
which represented the line. 

Since the modified and unmodified lines were not distinctly separated 
from each other at 60°, the relative intensity was estimated by resolving 
the overlapping lines into two parts as shown in the second curve of 
Fig. 2(A). For measuring the spectra at 165°, the scatterer had to be 
placed so far away from the target of the tube (about 10 cm) that the 
measurement was made difficult by the reduction of the intensity of 
the incident radiation. Thus in the experiment on aluminium the 
165° reading was repeated several times without success. 

On integrating the area under the peak, attention should be called 
to the question of drawing the baseline of the ionization curve. It was 
found that when the collimator with narrow slits (0.2 mm) was em- 
ployed, the general radiation under both the short wave-length side 
of the unmodified ray and the long wave-length side of the modified 
line was usually equally strong and so the line joining the readings of 
the general radiation is taken as the required baseline. However, when 
the collimator with wide slits (0.4 mm) was used, the general radiation 
under the former was always stronger than that under the latter. 
This was especially so if the scattering angle was large. Since the 
sensitivity of the electrometer was maintained constant by the use of 
a sputtered fiber, this effect is considered due to the presence of the 
modified beta peak. Thus the readings of the general radiation under 
the modified ray are taken to represent the height of the baseline of the 
modified and unmodified peaks. The curve representing the unmodified 
line is then completed to this adopted baseline in such a way that it has 
the same form as that of the fluorescent molybdenum Ka spectrum 
as shown in the second curve of Fig. 2(B). 

In this connection we may mention the fact, pointed out by Allison 
and Duane,’ that the intensity of the unmodified line relative to the 
general radiation is less in the scattered spectrum than when obtained 
direct from the target of the tube. This may perhaps be ascribed to 
(1) the presence of the modified beta peak in the secondary radiation 
as mentioned above and (2), as suggested by A. H. Compton, the 
presence of the second order of white radiation, which is excessively 


* Allison and Duane, Phys. Rev. 26, 300 (1925). 
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strong in the scattered rays due to the larger effective scattering volume 
in the radiator of the shorter wave-lengths. While the first effects de- 
pends on both the angle of scattering and the width of the slit, the 
second varies with the voltage put on the tube. 


Molybdenum Radiator, Ky line 


Soattered at 120° 


Scattered at 135° 


Scattered at 150° 


Scattered at 165° 


Fig. 2 (B). Intensity distribution of x-rays scattered from paraffin at various angles. 


A special series of experiments was also performed by allowing 
primary rays of different intensities, produced by varying the current 
passing through the x-ray tube, to fall on a radiator at a definite 
distance from the target of the tube. It was found that the relative 
energy in the modified and the unmodified line is within the limit of 
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experimental error independent of the intensity of the incident radia- 
tion. 

The results of this measurement of the relative intensities are tabu- 
lated in Table 1, where ¢ represents the scattering angle, R the ratio 


TABLE I 


Ratio of the energy in the modified line to that in the unmodified line for different radiators 
and various angles 


Wood Paraffin Carbon Aluminium Sulfur 
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Fig. 3. R—¢ curves for various radiators. 


of the energy expressed in arbitrary units in the modified ray to that 
in the unmodified, and s the width in mm of a single slit in the multiple- 
slit system. 

In Fig. 3 the intensity ratio R is plotted against the scattering angle ¢. 
It appears that each set of data approximately fits a smooth curve, 
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showing the variation of the intensity ratio as a function of the scat- 


tering angle. In all cases except for paraffin the experimental curve 


seems to be concave upward at small angles and convex upward at 
large ones. As the curve for paraffin is a little irregular, it may be 
noted that in this case the intensity of the unmodified ray is so small 
that the electrometer readings are relatively uncertain. 

It is worthy of note that the unmodified line in the spectra scattered 
from graphite is more prominent than that in the spectra scattered 
from wood, and that in the spectra from paraffin the unmodified ray 
is particularly faint. Wood is composed of cargon, hydrogen and 
oxygen, whereas paraffin is a compound of carbon and hydrogen. 
This clearly indicates that the element hydrogen is most effective in 
scattering the modified line. In view of the faintness of the unmodified 
line in the spectra from paraffin it seems probable that the unmodified 
part of the scattered spectrum is entirely due to the carbon in it. 
Thus a spectrum scattered from hydrogen would have only the modified 
radiation. This consideration is supported by the study of the in- 
tensity of the secondary rays scattered from lithium, which will be 
described in the following section. 


INTENSITY OF SECONDARY MoKa Rays SCATTERED FROM LITHIUM 


Unpublished results of experiments with lithium as the secondary 
radiator performed early in May, 1924, by A. H. Compton and the 
writer showed that, when the lithium sample was freshly prepared, 
the unmodified line was very faint, though it was undoubtedly present. 
The same effect has also been noted by B. Davis.4 Recently Allison 
and Duane*® have measured the scattered molybdenum Ka rays from 


lithium by keeping it from oxidizing with a coating of paraffin oil 


during the experiments. Their results still indicate the presence of a 
faint peak at the position of the unmodified line. As pointed out by 
these authors, their results may have been affected by the scattering 
from the carbon in the oil. 

The writer recently performed a series of experiments by keeping 
the lithium radiator in a lead cell filled with hydrogen. Two mica 
windows, 0.005 mm thick, were provided on the lead cell, so that one of 
them allowed the primary x-rays to fall on the scatterer and the other 
permitted the secondary radiation from the radiator to pass into the 
collimator. Since the scattering from lead is negligible and since hydro- 
gen is lighter than lithium, the present experiments were not affected 


‘ B. Davis, Phys. Rev. 25, 737 (1925). 
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by either of them. Special care was also taken to shield the wax ce- 
menting the mica windows. 

The results of this measurement are shown in Fig. 4. Curve 1 rep- 
resents one of the results of the experiments with the lithium sample 
cleaned in air, while curves 2 and 3 are two of the measurements ob- 
tained with the radiator carefully cleaned in an inverted glass jar 


Molybdenum Radiator, K, line 


15’ 

352° 

(Lithium radiator 
cleaned in air) 


1. Scattered at 115° 


(Lithium radiator 
cleaned in Hz) 


2. Scattered at 110° 


(Lithium radiator 
cleaned in Hz) 


3. Scattered at 110° 


Fig. 4. Scattering from lithium. P marks the position of the primary Mo Ka line, M the 
position of the modified line calculated from Compton’s theory. 


filled with hydrogen. As far as they go, the results indicate that in 
the secondary x-rays scattered from metallic lithium the unmodified 
ray in the Compton effect disappears. 


DISCUSSION OF THE RESULTS 


The discussion is conveniently divided into two parts: (1) The scat- 
tering from all the radiators except lithium and (2) the scattering from 
lithium. 


128 Y. H. WOO 


(1) From results tabulated above it is seen that the energy ratio 
‘ncreases with the scattering angle in the way shown by the curves 
in Fig. 3. Since the conditions which determine whether an x-ray 
quantum shall be scattered according to the simple quantum law or 
+n some other manner must also govern the distribution of the energy 
in the modified and unmodified rays, the present results thus point to 
the conclusion that the scattering angle should play in some way or 
other an important role in the determining factors. 

A theoretical investigation of the question of the variation in the 
intensity ratio of the modified to the unmodified ray with angle of 
scattering for a given element and given incident wave-length has been 
recently published by Jauncey.® The theory requires an increase of the 
intensity of the modified relative to that of the unmodified line as the 
angle of scattering is increased. Unfortunately while the agreement 
between this theory and the present results is qualitative, it is not 
quantitative. Assuming a resolving power represented by 0.0024, 
Jauncey® gives for the ratio of intensity of modified ray relative to un- 
modified, 1.74 for carbon at.90° and 0.62 for sulfur at 90°, whilst 
the present experiments give for this ratio 1.45 for carbon at 90° and 
0.42 for sulfur at 90° though the spectrometer arrangement in this 
work had a resolving power not greater than that corresponding to a 
wave-length width of 0.004A. This seems to indicate that Jauncey’s 
theory overestimates the relative intensity of the modified and un- 
modified lines. However, it is of particular interest to note that the 
curve calculated according to Jauncey’s theory to show the variation 
of the intensity ratio with the scattering angle is of the same general 
form as that of the curves in Fig. 3 obtained from experiments. This 
appears to point to the possibility of a further development of Jauncey’s - 
treatment. 

Finally, it may be remarked that the present experiments also show 
that for a given angle of scattering the intensity of the modified ray 
relative to that of the unmodified line decreases as the atomic number 
of the scatterer increases, and that the width of the modified ray is 
greater than that permitted by Compton’s simple equation. These are 
in accordance with the results of earlier work done in this field. 

(2) From the result of the measurement of the intensity of the 
scattered radiation from lithium the following conclusions can be 
readily drawn. 

First, it presents conclusive evidence that the Compton effect can 
not be attributed to anything other than true scattering, and there- 


5G. E. M. Jauncey, Phys. Rev. 25, 314'(1925) and Phys. Rev. 25, 723 (1925). 
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fore Barkla’s idea’ of differentiating these phenomena is difficult to 
defend. 

Second, it favors Compton’s first hypothesis? for accounting for 
the existence of the unmodified rays, that the binding energy of the 
electron is such that the energy imparted to the electron during the 
process of scattering is insufficient to eject it from the atom; but it is 
not quite consistent with his alternative hypothesis that the primary 
quantum is scattered by a group of electrons instead of a single one. 
It is also inconsistent with the possible explanation of the origin of 
the unmodified line that the primary quantum is scattered by the 
nucleus. 

Third, it supports the consideration leading to the conclusion that the 
spectrum scattered from hydrogen would have no unmodified line. 

In conclusion, the writer wishes to express his sincere thanks to 
Prof. A. H. Compton for his valuable suggestions and ever ready 
assistance during the course of this work. 


RYERSON PHYSICAL LABORATORY, 
UNIVERSITY OF CHICAGO, 
October 23, 1925. 


6 C, G. Barkla, Nature, 114, 753 (1924). 
7 A. H. Compton, Phil. Mag. 46, 897 (1923). 
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THE RELATIVE INTENSITIES OF REFLECTION OF 
X-RAYS FROM THE PRINCIPAL ATOMIC PLANES 
OF FLUORITE? ie 


By D. A. MAcINNES AND THEODORE SHEDLOVSKY 


ABSTRACT 


For these measurements, the usual Bragg apparatus was modified by 
adding a reference crystal illuminated through the same slit on a line slightly 
above the other, and a second ionization chamber and Bumstead electroscope. 
The integrated ionization as the crystal was turned by motor through a given 
line or range of wave-length was measured. Correction was made for the 
general radiation. Thus the relative intensities of the Pda and 8 lines when 
reflected from three principal planes of fluorite were determined. The values 
fall into three groups for each line, each of which fall on a smooth curve when 
plotted as a function of the angle of reflection, the strongest group 
being due to Ca and F atoms acting together, a weaker group to Ca atoms 
alone, and the weakest group to Ca and F planes which are out of phase with 
each other. Simple quantitative relations between the intensities of these 
groups have not yet been found, evidently because an additional absorption 
by the crystal takes place, which varies in an unknown manner with the 
angle of reflection. 


HE investigation to be described below was undertaken in the be- 
lief that the accurate determination of the intensities of reflection 
of x-rays from crystals will yield results which are nearly, if not quite, 
as important as the determination of the angles of reflection has 
proved to be. The final decision as to the structures of the more com- 
plicated crystals will undoubtedly depend upon exact quantitative 


determinations of relative intensities of the different orders of reflection - 


from the various planes, in addition to the distances between atomic 
planes as obtained by measurements of angles. Many examples of the 
great value of intensity measurements in the determination of crystal 
structures are given in the work of W. H. and W. L. Bragg.! It is also 
certain that the intensities of reflection are intimately related to the 
arrangement of the electrons in the atoms.” 

In the following pages a modification is described of the Bragg 
apparatus to adapt it to more accurate determinations of intensities. 
Results are also given of accurate measurements of relative intensities 


* Contribution from the Research Laboratory of Physical Chemistry, Massachusetts 
Institute of Technology, No. 176. 


1 W.H. and W. L. Braag, ““X Raysand Crystal Structure,” Harcourt, Brace and Co. 
2 Bragg, James and Bosanquet, Phil. Mag. 41, 309 (1921). 
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of several orders of reflection from the principal atomic planes of 
fluorite (calcium fluoride). 


THE APPARATUS 


The principle of the method for measuring the relative intensities 
is shown diagrammatically in Fig. 1. The x-rays from the target A 
pass through the slits S,, S, and S3 and strike the crystal under obser- 
vation, C,.from which the reflected rays pass to the ionization chamber 
E under which a Bumstead electroscope, which moves with the cham- 
ber, is swung. The crystal and chamber angles are read, in the usual 
manner, on the graduated scale V. In addition, x-rays which have 
passed through slits S; and S:, but at a slight vertical angle to the 
rays which strike crystal C, are intercepted by the crystal C’ and are 


‘ 
5S, Sez 35 


Fig. 1. Diagram of apparatus, showing the arrangement of crystals and ionization 
chambers. 


reflected to the chamber E’ which is connected with another Bum- 
stead electroscope. The crystal C’ and the chamber EF’ remain sta- 
tionary. The electroscopes are calibrated by impressing successive 
potentials from a potentiometer between the leaves and the ground. 
The intensities of reflection are therefore found in terms of ratios of 
the potentials necessary to reproduce the observed deflections of the 
leaves of the electroscopes. A carborundum crystal C’ is used for the 
reference, as it has a strong second order reflection at a large angle, so 
that the chamber £’ can be placed in such a position that it does not 
interfere with the chamber E at small angles of reflection. The vapor of 
ethyl bromide is circulated by a hand operated pump through the 
chambers E and £E’ until the same partial pressure of vapor is present 
in both. It was found necessary to make both chambers gas tight. 
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This was not found possible with sulfur insulation of the wires leading 
to the electroscopes, and other insulators, e.g., sealing wax, soon 
became conducting in the presence of the ethyl bromide. However, a 
gas tight, perfectly insulating support was formed by using sulfur 
inside and sealing wax outside. This remained perfect for more than 
two years. 

The Coolidge tube (A in the diagram) was very kindly eke to 
us by Dr. Coolidge of the General Electric Company. It is air cooled 
and supplied with a palladium target. It was found necessary to oper- 
ate this tube continuously while making readings, and for several 
hours before, since otherwise the position of the target A changes, 
due to the expansion of the copper rod on which it is supported. The 
crystals are exposed to the rays simultaneously by moving a lead disk 
placed between the slits S; and S,. The support of the crystal C’ is 
arranged so that the crystal can be turned through a small angle. 
The slit S: consists of upper and lower halves which can be adjusted 
separately, making possible independent regulation of the width of the 
beams hitting crystals C and C’. 

The ionization chambers £ and £’ are 8 in. long and 2 in. in diameter. 
They are fitted with thin mica windows behind the chamber slits, and 
with lead glass windows on the other end to aid in the optical adjust- 
ment of the crystals. 

With this apparatus it is, of course, possible to determine the angles 
of reflection of the characteristic lines of the palladium spectrum. After 
locating the exact positions of these reflections from a particular 
crystal face, the proceedure for determining the relative intensities of 
the reflections for the a doublet and the B lines and for the various orders 
of reflection of those lines is as follows. The slit of the chamber £ is © 
given a width of 0.5 mm to 1 mm (1 mm =40’) and adjusted so that the 
center of the slit is at the maximum of reflection for the line. Then the 
crystal C is rotated slowly (by means of an electric motor and a worm 
gear) through one degree, half of which lies on either side of the maxi- 
mum of reflection in question. For a check measurement the crystal 
is then turned in the opposite direction through the same range. The 
time of rotation is regulated so that sufficient radiation has entered the 
ionization chambe:s to give large enough deflections of the electroscope 
leaves for an accurate measurement. For the weaker lines deflections 
from several rotations are allowed to accumulate in the electroscope 
connected with E, whereas the electroscope for E’ is grounded before 
each reversal of the motion and a record is made of the sum of the 
successive deflections. In this way the intensities of the weaker lines 


INTENSITY OF X-RAY REFLECTION 133 


are obtained with nearly as great accuracy as for the stronger ones. 
Besides the a and 8 characteristic radiations, this procedure involves 
reflection into the chamber of general radiation. A correction for this is 
made by obtaining a complete series of measurements on reflections 
at angles at which reflections of characteristic rays do not take place. 
It is then possible to draw smooth curves through the resulting points, 
and to find accurate values of the reflection of general radiation at 
angles at which characteristic reflection also takes place. These curves 
for general radiation indicate the structure of each crystal face in much 
the same manner as is done by the characteristic radiation. For 
instance, the (100) face of fluorite, which has a strong second and 
fourth order and almost no first and third order reflections, showed the 
same peculiarities in reflection of general radiation, maxima and minima 
of this reflection occurring on a smooth curve, at points corresponding 
to even and odd order reflections. 

We have given considerable attention to the effect of the state of the 
crystal surface on the resulting reflection, and have found, as has been 
observed by Bragg and his associates? and by Dickinson,’ that the 
most reproducible results are obtained from crystal surfaces that have 
been ground or roughened. In this work the (100), (110) and (111) 
faces were studied. Of these the first and last occur naturally and the 
second had to be ground artificially. Irregularities due to grinding were 
largely overcome by inverting the crystal after a series of measurements 
and repeating, and then averaging the result of the two sets of measure- 
ments. In this procedure we followed the suggestion of Bragg, James 
and Bosanquet.? 

After determining the relative intensities for the different orders of 
reflection for the three principal planes it was necessary to bring these 
three sets of ratios to the same scale. This was done by observing the 
integrated effect in the electroscope of swinging each of the crystal 
faces through an angle large enough to include the a doublet and the 
8 lines, and a certain amount of general radiation. The angle was 
chosen so as to include the same range of general radiation for each 
face. In this way the (200), (111) and (220) intensities were found to 
be in the ratios: 1.00, 2.47, 0.487. 

In these measurements much use was made of the photographic 
method for locating reflections. The images on the films gave definite 
information as to whether the crystal was reflecting completely or only 
partially into the chamber slit. The orientation of the crystal with the 


$ Dickinson and Goodhue, J. Am. Chem. Soc. 43, 2046 (1921). 
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purpose of excluding reflections from other planes than the one under 
measurement was also made possible by that method. 


THE EXPERIMENTAL RESULTS 


A summary of the results is given in Table I. All the intensities 
are given with reference to that of the (100) reflection which has arbi- 
trarily been given the value 100. 


TABLE I 
The relative reflections of characteristic palladium rays from fluorite 

Line Angles Relative intensities 

a. B a doublet B 
100 6°10’ 5°26’ 0.53 ji 0.17 
200 12°24’ 10555. 5220 1373 
300 18°48’ 16°30’ 0.40 0.20 
400 25°20" 225158 7.92 3.39 
110 8°38’ Lost, 100.0 33-2 
220 Whe a Ee 15°225 25kst 9.31 
330 26°45’ a2 e2op 6.67 S20 
111 §°19” 4°42’ 130.3 42.1 
222 10°41’ 9°25; 1.415 0.51 
333 16°09: 14°12’ 16.2 Sid 
444 21°46’ 19° 6’ [33 5733 


The ratios given in this table were determined as described above 
with the exception of the two values given for the (111) reflection. 
In that case the angle of reflection was so small that a separation 
of the a doublet from the 6 line for the purpose of measuring intensities 
was not possible, though the “peaks” were, of course, easily measured. 
To overcome this difficulty a measurement of the sum of the intensities 
of the a and B reflections was made, and an estimate (by methods to be 
described) was obtained of the ratio of the two, from which the results 
in the table were computed. The measurement of the sum of the inten- 
sities was carried out by widening the chamber slit and swinging the 
crystal through a larger angle than in the determinations of the inten- 
sity of a single reflection. The ratio of the a to the B reflection for this 
line was then estimated in two different ways. First a short extrapola- 
tion was made of a curve in which the ratios of the a to the B intensities 
of all the stronger reflections were plotted against the mean angle of 
reflection. From the resulting smooth curve to the mean angle of the 
(111) reflection gave the ratio 3.08. Secondly, it was found that for 
the more intense reflections a straight line was obtained, for both the 
a and the @ series, when the intensities were plotted against the inverse 
sine of the angle of reflection. A short extension of these two lines to 
angles corresponding to the (111) reflections yielded values in the 
ratio of 3.09, which was adopted for the figures in the table. 
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DISCUSSION OF THE RESULTS 


A plot of all the data in Table 1 is shown in Fig. 2 in which the square 
roots of the relative intensities are plotted against the reciprocal sines 
(cosecants) of the corresponding angles. For the a doublet reflections 
there are two curves connecting a series of points, and also two isolated 
points which are connected in the figure by dotted lines. For the @ 
series there is a completely analogous series of lines and points. As 
plotted all the curves tend to converge toward a zero of intensity at a 
value of the abcissa of unity, i.e., an angle of 90°. Similar smooth 
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Fig. 2, Variation of the square root of the relative intensities with the cosecant of the 
corresponding angles. 


curves connecting the intensity of reflection with a function of the 
angle of reflection have been found by Bragg and Bragg! and by Bragg, 
James and Bosanquet? for sodium chloride, and by W. H. Bragg? for 
diamond. The angles and intensities observed are in complete accord 
with the structure for fluorite proposed by Bragg and Bragg.! Accord- 
ing to their analysis the arrangement of atoms in the various planes 
of the crystal is as shown in Fig. 3 in which the solid lines represent 
planes containing calcium atoms and the dotted lines planes of fluorine 
atoms. In the cubic (100) faces, planes of calcium atoms alternate 
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with planes of fluorine atoms. This results in interference in the rays 
from alternate planes for odd orders of reflection, and reinforcement for 


even orders. Since the number of electrons in the calcium atom (20) — 


is very close to that for the two fluorine atoms (18) the interference is 
nearly but not quite complete. (The numbers are the same, but inter- 
changed, if the atoms are present as charged ions.) The planes.of the 
prism (110) faces contain both calcium and fluorine atoms, and all the 
planes being alike the normal order of decrease of intensity for the 
various orders is observed. This decrease is 100, 25.7, 6.7 for the a 
doublet and 100, 28.0, 9.6 for the G reflections. The octahedral (111) 
planes are of somewhat more complicated character. Here in the 
distance d between the planes of calcium atoms, two planes of fluorine 
atoms are present, both spaced d/4 from the former planes. The 


result of this “quartered” arrangement is that the first order of reflection 


is due to the calcium planes only, since the rays from the two sets of 
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Fig. 3. The arrangement of the atoms in the various planes of the crystal of calcium 
fluoride according to W. H. and W. L. Bragg. The solid lines represent planes containing 
calcium atoms and the dotted lines planes containing fluorine atoms. 


fluorine planes are exactly out of phase with each other. On account 
of the small angle of reflection this intensity is higher than any of the 


others although due to scattering from only a portion of the atoms. In. 


the second order (222) the reflection from the caicium planes is in 
opposition to the fluorine planes, and is thus similar to the (100) and 
(300) reflections. The third order (333) is similar to the (111), but for 
the (444) all the trains of waves are in phase and reinforce. 

The reflections divide naturally into three groups: (a) those from 
mixed planes and those in which the waves from the calcium and 
fluorine planes are in phase (these form the curves marked Ca+2F in 
Fig. 2), (b) reflections from calcium alone, which are shown in the 
figure by points connected by dotted lines, and (c) reflections in which 
the fluorine planes are in opposite phase to the calcium planes, indi- 
cated by curves marked Ca-2F in the figure. It is interesting to note 
that the different orders of reflection from the octahedral (111) face 
contribute to all of the groups, and also that the Ca+2F curve contains 


— — 
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points from the three planes measured. Bragg and Bragg did not 
report any of the reflections in group (c), but that for (100) has, how- 
ever, been observed by Pealing. 

It would appear at first sight that it should be easy to compute 
values of intensity in any one of the groups (a), (b) and (c) from data 
given in the other two groups. This has not, however, been found to be 
the case. The reflections from calcium, for instance, which involve 
about half of the electrons have considerably more than half the 
intensity (at corresponding angles) of the reflections from planes involv- 
ing all the electrons in the molecule. Quantitative agreement between 
the values in the different curves is, however, more nearly approached 
as the intensities decrease. A similar result, for diamond, has been 
observed by W. H. Bragg.> The phenomenon is undoubtedly due to an 
additional absorption, or extinction, of the x-rays at angles at which 
reflection takes place. A further discussion of this subject, and of the 
applicability of the Darwin-Compton equation for x-ray intensities 
to our results, will appear in another paper. 

The authors wish to acknowledge the efficient assistance of Mr. Eric 
Townsend. 


RESEARCH LABORATORY OF PHYSICAL CHEMISTRY, 
MASSACHUSETTS INSTITUTE OF TECHNOLOGY, 
November 25, 1925. 
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K-SERIES EMISSION SPECTRA FOR THE ELEMENTS 
FROM TA(73) TO BI(83) 


By B. R. STEPHENSON AND J. M. Cork 


ABSTRACT 


The specially designed water-cooled tube enabled currents of 8 milliamp. 
at 150 kv to be used. By connecting the same rheostat in the primaries of 
both high-tension and filament transformers, irregularity due to hot spots on 
the target was automatically smoothed out. An automatic electromagnetic 
cutout prevented excessive current when gas developed. With these arrange- 
ments, accurate measurements were made of the K-lines for all elements from 
Ta(73) to Bi(83) excepting Hg, the elements being placed in sheets or layers on 
the thin copper target. The ./»/R values plotted as a function of atomic 
number give practically straight smooth curves, as is to be expected. The 
differences in the v/R values for the a and a’ lines agree well with the corre- 
sponding values for L8 and La’. The corresponding wave-length differences 
are nearly constant and equal to 4.85. 


NTIL very recently the only two elements of the group from 

Ta(73) to Bi(83) for which the K-series emission wave-lengths 
had been measured were tungsten and platinum. Duane and Sten- 
strom,! Siegbahn,? Cork,’ Lilienfeld and Seeman, DeBroglie,> and 
Rogers® have measured one or both of these elements. Just recently 
Rechou’ has published measurements on the elements from tantalum 
to uranium. 


APPARATUS 


The spectrometer was of the type used by one of us in a previous 
investigation but was made larger. The distance between the second — 
slit and the photographic plate was 75.593 cm. This gave a much 
larger separation of the lines on the plate. The plate holder was a 
rectangular frame machined out of one piece of solid brass and set 
optically perpendicular to the axis of the spectrometer. The photo- 
graphic plate was held against the back face of the plate holder by three 
springs so that the emulsion side of the plate which faced the slit 


* Duane and Stenstrom, Proc. Nat. Acad. 6, 477 (1920). 
? Siegbahn, Spectroscopy of X-rays, p. 104 (1925). 

$ J. M. Cork, Phys. Rev. 25, 197 (1925). 

‘ Lilienfeld and Seeman, Phys. Zeit. 19, 269 (1918). 

> DeBroglie, Comptes Rendus 169, 134 (1919). 

* Rogers, J. S., Roy. Soc. Victoria, Proc. 34, 136. 

” Rechou, M. G., Comptes Rendus 180, 1107 (1925). 
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system was always the same distance from the second slit. X-rays 
were allowed to fall only on one side of the crystal at a time, thus giving 
all of the lines of the K series on one side of the plate simultaneously ; 
the other half of the photographic plate being covered by a lead plate 
to prevent fogging during this time. The crystal was calcite and about 
3 mm thick. 

The x-ray tube was made with the target and filament removable 
at ground joints which were sealed with stopcock grease. The total 
tube length was about 18 inches, with the removable target 8 inches 
long and the ground stopper for the filament leads about 6 inches 
long. The target was of special design with two compartments so 
arranged that the part of the target which was in contact with the 
ground joint was always filled with the inflowing cold water while 
the heated water from the hot end of the target was carried by a tube 
through the center of the outer compartment and thus did not heat 
the joint. This enabled the use of tube currents as large as 6 to 8 
milliamp. at 150 kv when elements with a high melting point were being 
used on the target. The filament was a spiral form of tungsten wire 
held in the filament container of a regular Coolidge tube which had been 
adapted to this apparatus. The lead wires were sealed in the outer end 
of the stopper to prevent puncturing such as often happened when the 
wires were sealed in at the inner end of the stopper. As both ends of 
the tube were different in potential from ground by half of the applied 
voltage, the leak through the target cooling water to ground was very 
large. With 55 feet of quarter-inch continuous glass tubing well in- 
sulated from ground the leak was from 6 to 7 milliamp. at the highest 
voltages. 

The pumping system consisted of a two-stage mercury vapor pump 
with liquid air trap, backed by a rotary oil fore-pump. When the 
pumps and tube were working well, an x-ray vacuum could be ob- 
tained in about two or three hours. The time was shorter for the 
lower voltages. 

The potential for the tube was obtained from a Victor Special 
200 kv transformer and mechanical rectifier. The filament current was 
supplied by a Victor filament transformer. The voltage was regulated 
by means of an autotransformer and a rheostat in series with the 
primary of the high tension transformer. 

Under ordinary conditions the tube current was unsteady, due to 
hot spots being produced on the target when some small bit of the 
powder became slightly detached from the target or when the sheet 
metals became slightly loosened and melted. This was overcome by 
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using the same rheostat as part of the resistance of both the high 
tension primary and the primary to the filament transformer. Thus 
when the tube current tended to increase, the fall of potential over this 
“common part of the resistance was increased and the filament current 
thereby diminished. This stabilizer held the current very steady as 
long as the voltage remained constant. g . 

An electromagnet was placed with its exciting coil in parallel with 
the primary of the high tension transformer, and arranged to hold 
the primary circuit closed. When gas developed in the tube, as often 
happened, the tube current increased very much, causing the potential 
difference at the terminals of the high tension primary to fall; this 
allowed the electromagnet to open and thus break the circuit. The 
electromagnet was very quick acting and saved the tube as well as 
the rest of the apparatus from overheating. With these two devices 
it was possible to leave the apparatus for an indefinite period without 
fear of injury. A clock attached to the arm of the electromagnet was 
arranged to stop when the circuit was opened so that the time of 
exposure could be accurately determined. It was found that about 
10 milliampere-hours at the proper voltage were necessary to give a 
strong exposure. The potential used varied from 120 kv for Ta to 
156 kv for Bi. 

All of the elements were obtained in as pure a form as possible. 
Tantalum, platinum, and gold were in sheets and were held on the face 
of the target. Platinum and gold were soldered to the copper face 
while tantalum, which could not be soldered, was wedged into a 
groove in the target. Osmium and irridium were powdered and rubbed 
onto the target. Two or three applications of the powder for each 


plate were sufficient. Thallium, lead and bismuth were flowed onto” 


the target like solder. With all the elements, and especially with the 
last three, considerable difficulty was experienced because of the in- 
tense heat melting the element and sputtering the walls of the tube, 
causing it to puncture. It was not possible to get any of the elements 
in sufficiently good thermal contact with the target to avoid melting 
and sputtering. The face of the target was only about 2 mm thick and 
was made of copper to conduct the heat better and yet the high melting 
point metals became white hot at the focus. Since thallium, lead, and 
bismuth have such low melting points a very small tube current had 
to be used to avoid excessive sputtering. The tube was often taken 
down and cleaned, for it punctured easily if the walls became coated 
with sputtered metal. 
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MEASUREMENTS AND ACCURACY 


This investigation was carried out in the second basement of the 
new Physics building where the temperature varied not more than 2°C 
at any time and usually not more than one degree. The plates and the 
length of the spectrometer were measured at the same temperature 
thereby eliminating any temperature effects. The length of the spec- 
trometer was measured with a “Starrett” micrometer scale capable of 
measuring to 76.5 cm. This measurement was checked by making a 
rod with an adjustable end piece which could be set at the exact length 
between the slit and the plate and then measured on the same com- 
parator as that used in measuring the plates. Grooves were filed out 
of the rod down to the center so that the rod could be measured in 
steps without having to change the focus of the telescope. 

A distance of .25 mm on the plate corresponded to 1 x-unit and since 
the plates could be measured to 0.01 mm with a Gaertner comparator 
the measurements are certainly accurate to 0.1 x-unit. Four different 
crystals were used during the course of the investigation but no appre- 
ciable difference was observed in the values for the tungsten lines ob- 
tained. 

RESULTS 


Table I gives the values of the wave-lengths obtained. The values 
for tungsten obtained by one of us® previously, corrected for an error 
in the micrometer scale, as well as those of Duane and Stenstrom and 
Siegbahn are included for comparison. All of these values are corrected 
where necessary for any differences in the value of the crystal grating 
constant. The values obtained by Rogers® for platinum are also 
included. 


TABLE I 
Wave-length values in x-units of K series lines 
Element a’ a B OY Investigators 
73 Tantalum DATS 214.88 189.91 184.52 Present 
74 Tungsten 21364) 208 .62 184.22 178.98 Present 
213.48 208 .67 184.28 179.07 Duane and S. 
213-45 208 .60 184.35 178.87 Cork 
21S OL 208.85 184.36 179.40 Siegbahn 
76 Osmium 20to1 196.45 173.61 168.75 Present 
77 Iridium 195.50 190.65 168.50 163.76 Present 
78 Platinum 190.04 185.23 163.70 158.87 Present 
189 .54 Looe i 164.37 159755 Rogers 
79 Gold 184 .83 179 .96 159.02 154.26 Present 
81 Thallium 174.66 169.80 150.11 145.39 Present 
82 Lead 170.04 165.16 146.06 141.25 Present 
83 Bismuth 165.25 160.41 ES) Be leg 0 Seen nea Present 


Since the temperature of the laboratory remained practically con- 
stant at 22°C the value of the grating constant given by Siegbahn’ 
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log 2d=0.78235 was used. No correction is made in the values of 
Table I for the effect of the refraction of the x-rays by the crystal. 
The magnitude of this correction is indicated by the following equa- 
tion, \=2d (1—0.000135) sin 6. Thus the a line of tantalum 214.88 
would become 214.85 x-units. 

In Table II are given the frequency values v/R, where v-is the 
reciprocal of the wave-length expressed in angstrom units and R is the 
Rydberg constant 109,737. These values are proportional to the 
energies emitted when the corresponding electron shifts occur. 


TABLE II 
v/R values of K series lines 
Element a’ a. B ¥ 
73 Tantalum 4147.3 4240.8 4798 .6 4938 .6 
74 Tungsten 4269 .2 4368 .2 4946.7 5092.4 
76 Osmium 4526.7 4638.8 5249 .0 5409 .4 
77 Iridium 4661.4 4779.8 5408 .1 5564.7 
78 Platinum 4795 .9 4919.9 5566.8 5731.9 
79 Gold 4930.2 5063 .9 5730.5 5907.4 
81 Thallium 5217 24 5366.8 6070 .6 6267 .9 
82 Lead 5359.4 5517.8 6239.1 6451.3 
83 Bismuth 5514.6 | 5680.9 6415.3... 9 sce 


Table III gives the values of the square root of the frequency terms, 
v/R. When these values are plotted with atomic number the curves 
shown in Fig. I are obtained. These points, shown by circles, fall very 
closely on smooth curves. The vaues obtained by Réchou, when they 
differ enough from our values to be indicated separately, are indicated 
by crosses. It is evident that some of his measurements show large 
deviations. 


TABLE III 
Vv/R values of K series lines 
Element a’ a B y 
73 Tantalum 64.40 65.12 69.27 70.28 
74 Tungsten 65.34 66.09 70.33 71.36 
76 Osmium 67.28 68.11 72.47 73.49 
77 Iridium 68.28 69.14 73.54 74.62 
78 Platinum 69.25 70.14 74.61 1511 
79 Gold - 70.22 (1etG 75.40 76.88 
81 Thallium P2e23 73.26 ff pe hl 79.17 
82 Lead noted 74.28 78.99 80.32 
83 Bismuth 74.26 phen we 80.10 - eee 


Table IV gives a comparison of the differences of the frequency 
values v/R for the Ka’ and Ka lines shown in column 2, and the results 
obtained by taking the frequency differences of the La’ and the LB 
lines which represent the same energy differences, shown in column 
3. The two columns agree fairly well. The values obtained by 
Réchou are also shown in column 4. In column 5 is given the wave- 
length difference (AX) between the Ka’ and Ka lines. This wave- 
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length difference for the relativity doublet is nearly constant for 
elements of large atomic number. 


TABLE IV 
Doublet differences 
A(v/R) A(v/R) Ay 
Element Ka’—Ka LB—La’ Ka’—Ka 
Our data Rechot (x-units) 
73 Tantalum 93.5 96.8 92.7 4.85 
74 Tungsten 99.0 100.6 98.5. 4.83 
76 Osmium ba 105.7 BG bet 4.86 
77 Iridium 118.4 113.0 118.6 4.85 
78 Platinum 124.0 77 125.9 4.81 
79 Gold 133.7 140.3 135.6 4.87 
81 Thallium 149.4 We RT 150.5 4.86 
82 Lead 158.4 158.9 160.0 4.88 
83 Bismuth 166.3 164.7 169.7 4.84 
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Fig. 1. V'v/R values as a function of atomic number. 


The 8 line in every case appears much wider than the a’ and the a 
lines, thereby indicating that it is complex. On some plates the com- 
ponents 6 and #’ were sufficiently well defined to be separately measur- 
able, but these are not recorded. 

The x-ray tube was made of Pyrex glass which is supposed to be 
free from lead, but on every plate set for the measurement of short 
wave-lengths the lead K absorption edge appeared. This cut off 
completely the y line of bismuth even though the a’, a and 8 lines 
appeared very black. 


Puysics LABORATORY, 
UNIVERSITY OF MICHIGAN, 
October 24, 1925. 
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STRIPPED OXYGEN, Ov, THE PP’ GROUP IN Oy, AND 
NEW ALUMINUM LINES IN THE EXTREME 
ULTRA-VIOLET : 


By I. S. BowEN AND R. A. MILLIKAN 


ABSTRACT 


Lines of stripped oxygen Oy; and of Oy.—The oxygen atom holds its 
last electrons so tenaciously that hitherto no lines assignable to stripped 
oxygen have been obtained. Using aluminum electrodes and high resolution, 
the “lithium doublet” of stripped oxygen has been definitely located at 1031.98, 
1037.69A (see Plate I) the component of shorter wave-length being, as usual 
with this doublet, the more intense. The use of pure Al electrodes has also 
enabled the pp’ group of Oy to be obtained in the fourth order, definitely 
resolved as a sextuplet (see Plate II) the ratio pip:/p2ps coming out Rats 
reasonably close to the value 2 called for by Lande’s interval rule. 

New aluminum lines between 1250 and 500A.—Fifteen new faint lines 
have been discovered and all definitely placed in their proper series, belonging 


to Ali and Alt. 
Ionization potentials of stripped atoms.—Extrapolation from the known 


values for stripped atoms in the first and second rows of the periodic table, 
gives values for the 2s term which correspond to the following ionization 
potentials: for Ny 97.39; for Ovr 137.35; for Fyir 184.07; and for Clyrr 113.73 
volts. These are probably accurate to within 0.2 volt. 


1. STRIPPED OXYGEN 


N preceding work we have been able to strip off completely the 

valence electrons from all of the elements contained in the first 
two rows of the periodic table’ save only oxygen and fluorine. These 
two atoms hold the last of their valence electrons more tenaciously 
than do any of the others—the quantitative analysis follows later— 
and would therefore be expected to be the most difficult to reduce to 
the stripped condition. 

In our earlier plates we sought for evidences of the stripped oxygen 
atom (Oy1) without finding any lines which could be unambiguously 
assigned to it. Since we have been using a very narrow slit and high 
resolution, some of our plates have revealed two faint but very definite 
lines which we can now obtain in both first and second order spectra 
and which, as is conclusively proved below, constitute the “lithium- 
doublet” of stripped oxygen. 


1 Millikan and Bowen, Nature, 114, p. 380 (1924). 
2 Bowen and Millikan, Phys. Rev. 24, p. 209-222 (1924), 
3 Bowen and Millikan, Phys. Rev. 25, p. 295-305 (1925). 
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These lines come out best when the electrodes used are pure alumin- 
um, rather than salt-impregnated cores, for the latter tend to lower 
somewhat the vacua and especially the potentials to which the tips of 
the electrodes are raised before the spark occurs. It may be remembered 
that we have shown previously* that so-called “chemically pure 
aluminum” furnished primarily the oxygen spectra between 250A. 
and 1300A. The two new oxygen lines are shown in Plate I. Their 
measured wave-lengths are shown in Table I. 


ABT wl 
Lines of stripped oxygen Ov1 
Intensity IN y Av Series designation 
lon avac: 
1 1031.98 96901 .6 2s—2p, 
533.8 
0 1037 .69 96367 .8 2s—2pe2 


When the frequency v and the frequency-separation Av, correspond- 
ing to these two lines are subjected to the test of the regular and 
irregular doublet-law-progressions with atomic number, such as we have 
brought to light in preceding papers”® there result Tables II and III, 


TABLE II 
Regular L doublets, one-electron systems 
2p2—2p; 
ik ee 
Element Av / Av/ .365 S 
Lit 56 .981 2.019 
Ber 6.61 2.063 1.037 
Bn 34.4 3,116 1.884 
Cry 107.4 4.142 1.858 
Ny 259.1 6. 162 1.838 
Ovi 533:.8 6.184 1.816 
TABLE III 
Irregular L doublets 
2s—2pe F 
Element Av Diff. 2nd Diff. 
Li 14903 .8 
17023 .8 
Ben 31927 .6 Boa. 
16431.1 
Bui 48358 .7 308 .6 
16 f255 
Civ 64481 .2 148.6 
1597329 
Ny 80455 .1 61-2 
1591277 
Ov 96367 .8 


respectively. The perfect fitting of these two lines into both these 
tables removes all uncertainty as to the correctness of their identifica- 


4 Millikan and Bowen, Phys. Rev. 23, p. 1-34 (1924). 
5 Bowen and Millikan, Phys. Rev. 26, p. 310-318 (1925). 
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tion as the “lithium doublet” lines of stripped oxygen (Oy1). It will be 
noticed, also, from a glance at Plate I that these lines follow the rule 
which also holds for this lithium doublet that the component on the 
short wave-length side is the stronger. 


2. IONIZING POTENTIALS OF STRIPPED ATOMS 


The excitation of the Oy: atom from which these lines originate 
requires the highest energy of any optical series with which any one 
has thus far worked. The ionizing potentials of all the stripped atoms 
of the first row of the periodic table may be easily computed. Since the 
inmost # orbits of all the stripped atoms of the elements of this row are 
circular, for in this row they are 2 orbits, the progression of their 
terms and convergence frequencies with atomic number will follow 
closely the square law of the simple Bohr theory, i.e., the frequency of 
the 2p term of Oy: must be nearly 6? times that of lithium. More 
accurately, the study of the empirical progression of the value of 


Z-c=Vvn?/R (1) 


for the 2p; term of the series of stripped atoms from Li through C 
yields, as previously pointed out by us,! the first four numbers of 
Table IV. The results of our extrapolation with the aid of these four 
values to corresponding values for N, O and F is shown in the last 
three numbers of the second column of Table IV. These numbers could 
scarcely be in error by as much as .005, which would correspond to not 


TABLE IV 
Ionization potentials of stripped atoms 
Element 2h1 Diff. Ionization ns 
Potential 
Li 1.02074 
.02620 
Ber 2.04694 
.01707 
Bur 3.06401 
.01056 
Cry 4.07457 
.00640 
Ny 5.08097 . 97 .39 126.75 
.00381 
Ovi 6.08478 137.35 89.88 
.00224 
Fyn 7.08702 184.07 67.07 


more than 0.2 volts in the resulting ionization potential. Computing 
from the foregoing formula the values of y corresponding to these 
values of Z—o and then adding the frequency given in Table III of 
the (2s—2p,) line gives the frequencies of the 2s terms. These corre- 
spond to the ionization potentials shown in the fourth column of Table 
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Plate I. The “lithium doublet” lines of stripped oxygen (Oy1). 
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Plate II. The pp’ group of stripped oxygen (Oy). 
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IV. The corresponding convergence wave-length of the principal series 
is given in the fifth column. 

By a similar procedure the highest ionizing potential of any stripped 
atom of the elements in the second row of the periodic table, viz: 
that of chlorine (Cl VII), is found to be 113.73 volts. The corresponding 
value for sulfur is 87.6 volts, as we have previously shown.’ It is 
obvious that the higher the value of this ionizing potential the more 
rapidly will the atom when once stripped begin to regain its valence 
electrons and hence the less the chance that it will be found emitting 
in the stripped state. This explains why the lines corresponding to 
stripped oxygen are more difficult to bring out than those corresponding 


to sulphur or even to chlorine. 
3. THE pe’ GROUP IN Oy 


The added sharpness and strength with which the Oy: and Oy lines 
come out when pure aluminum is used as electrode material has recently 
enabled us to obtain the pp’ group in Oy in the fourth order spectrum 
where the resolution is so excellent that all of its six components are 
clearly separated, as is shown in Table V. This separation makes it 


TABLE V 
bp’ Group in two-valence electron oxygen Oy 
pi po D3 
ints: (4) 
NPT 761.131 
ee: 131383 .4 b's 
AY: 155.4 
Int. (4) (3) (4) 
ho: 762 .004 760 £232 759 .453 
Pan ee Lalo s2a9 305.9 131538 .8 134.9 131673 2 p's 
Ar 267.0 268.2 
Int. : (5) (4) 
Sale 760.457 758.685 
ie 131499 .9 307.1 131807 .0 Pp 


possible to obtain, for the first time among the two valence electron 
atoms of the first row of the periodic table except Be (already known), 
the value of the ratio pipo/pop3. As may be seen from the numbers in 
Table V, the ratio comes out 2.27, in much closer agreement with the 
value 2 called for by Lande’s interval-rule than is Be, which quite 
anomalously has the value® 3.57. Plate II shows the pp’ group in Oy 
in the fourth order, with all of the six components definitely resolved 
and labelled. 


* Sommerfeld, Atombau und Spektrallinien, 4th ed., p. 661. 
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4. NEw ALUMINUM LINES IN THE EXTREME ULTRA-VIOLET 


In our former cataloguing of extreme ultra-violet lines we listed4 
but two lines between 1250A and 500A as certainly belonging to 
aluminum, viz., 859.9 and 695.9, and these of intensity 0 and 1, respec- 
tively. On our new plates we have been able to bring out these lines 
with greater intensity and resolution, and to cause fifteen other faint 
lines to appear, as shown in Table VI. All save four of these lines were 


TABLE VI 
Series lines of aluminum, Aly and Alin 
Intensity r pv 
TAS Vac: 
0 560.24 178494. 
3 695.82 143715. 
3, 696.23 143630. 
0 725.74 137790. 
0 726.95 137561. 
3 854.98 116961. 
3 850250). °-116/713. 
1 "892.00 112107. 
1 893 .93 111865. 
0 1048 .83 95344. 
0 1050.01 95237. 
0 1162.59 86014. 
1 1189.07 84099. 
2 1190.07 84028. 
2 1191.83 83904. 
0) 1209.25 82695. 
1 ila Wee 82636. 
1 1211.93 82513. 


© Po HN~TIW ee) bo & lone) H> CO of “TW Ko) 


Series 


designation 


ISs- 8p 


35s—A4p, 
35—Ape 


3p2— 6s 
3f1—- 6s 


3p2—5s 
3p1—5s 


3p2.—4d 
3p,—4d 


3p2—Sd 
3pi~—Sd 


3d—6f 


3bs—4d 
3p2—4d 
3pi—4d 


3p3—55 
3p2—5s 
3p1—5s 


Stage ot 
ionization 


Ill 


II] 
iil 


III 
Ill 


III 
III 


Hil 
IIl 


Il 
Il 


Ill 


predicted by Paschen,’ his predicted values differing from our observed 
values only by a few hundredths angstroms, which is as close agreement 
as could be expected when we are working with lines so faint that they 
cannot be obtained in orders higher than the second. 


NORMAN BRIDGE LABORATORY OF PuHysics, 
CALIFORNIA INSTITUTE OF TECHNOLOGY, 
PASADENA, CALIFORNIA, 
November 4, 1925. 


7 Paschen, Ann. d. Physik, 71, p. 142-161, 537-561 (1923). 
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THE ABSORPTION SPECTRUM OF TIN VAPOR 
IN THE ULTRAVIOUT 


By R. V. ZUMSTEI™ 


ABSTRACT 


Spectrum of tin.—(1) Arc spectrum. The spectrum of a 25 ampere arc was 
measured between 2170 and 1950A and 12 new lines observed. (2) Absorption 
spectrum of tin vapor, 6000 to 2000A. The tin was heated in a small carbon tube 
to about 1600°C and 53 absorption lines were observed, of which 38 are new. 
(3) Frequency differences. The results in general support the table of frequency 
differences given by McLennan, Young and McLay, lines from the normal 
state Xs and X; showing strong absorption, those from X4 medium absorption, 
those from X2 only faint absorption and those from X; no absorption. A new 
table containing some changes and additions is given, using a different notation, 
which includes nearly all the arc lines. While the numerical relationships of the 
energy diagram are now well known, the nature of the terms involved has 
not yet been determined. 


LTHOUGH the number of lines in the tin are spectrum isnot large, 

the study of the spectrum from the series viewpoint has made 
very slow progress. A large percentage of the arc lines are readily 
reversed (especially with a current of 25 amperes) but their distribu- 
tion is apparently irregular. One cannot by inspection recognize 
triplets or doublets. It frequently happens that the absorption spectrum 
of the vapor of an element furnishes a valuable clue to the relation- 
ships between the lines. Grotrian! has found four lines to be absorbed 
by tin vapor. McLennan, Young and McLay? have extended this 
number to 16. 

The present experiments were undertaken using the methods that 
were employed in the study of manganese vapor.? Between 6000A 
and 2000A, 53 absorption lines were observed. If the absorption 
spectrum is photographed with the vapor at the highest temperature 
(about 1600°C), the intensities of the absorption lines fall quite naturally 
into three classes, very faint (f), medium (m) and the strongest ab- 
sorption lines (S). One would expect that the strong absorption lines 
are due to atoms in the normal state while the very faint lines indicate 
atoms in excited states. 

Table I contains the wave-lengths of all the known lines of the arc 
spectrum of tin below 6000A together with their frequencies. From 


1'W. Grotrian, Zeits. f. Physik 18, 169 (1923). 


* McLennan, Young and McLay, Trans. Roy. Soc. Can. Sec. Til ay ee 
* Zumstein, Phys. Rev. 26, 765 (1925). 
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6000 to 2190A Arnolds’ values of the wave-lengths are used. The 
intensities are as given by Kayser and Runge. Between 2190 and 1950A, 
the wave-lengths are my own values. The intensities are rough visual 
estimates of the spectrum of a 50 ampere arc. The maximum error of 
my measurements appears to be .1A above 2020A and .2A below 2020A. 
These values may be compared with the measurements of McLennan, 
Young and McLay? who first called attention to the important group 
of tin arc lines in this region. With a few exceptions, the agreement is 
very good. Two of their lines are resolved into doublets and 12 new 
lines are added to their list. Below 1950A the wave-lengths are those 
found by McLennan, Young and McLay as reversals of a tin arc in an 


TABLE I 
Tin arc spectrum 


A(I.A.) v(I.vac.) Int. Origin 
Arc A 


a 
fe 


5631.69 17751.7 5 
4524.740 22094.54 5 
11.30 22160 .4 Z 
4077.73 24516.5 1 
3801 .031 26301.21 4 
3655.78 27345 .5 3 
3330 .596 30016.04 6 
3262 .338 30644.06 5 
23.574 31012 .54 1 
18.690 31059.60 3 
3175 .039 31486.61 5 
41.823 31819 .47 3 
3067.76 32587 .62 2 
34.116 32948.96 O6R 
32.783 32963 .45 3R 
09.138 33222.46 6R 
2913 .542 34312.47  4R 
2863 .320 34914.29 6R 
50.618 35069.84 4R 
39.985 $5201.13 8R 
13.582 $0051.08.  3R 
12.566 35544.28 3 
2790 .187 35829 .35 2 
39.323 35840 .45 1 
87 .936 35858.26 4R 
85.027 35896.15 3R 
79.814 35963.03  4R 
61.784 36197 .82 4 
06.504 36937 .10 7R 
2661 .245 37565.23 4R 


6 Soc = f[-as 


i pes ee 


— 
? — 


oe ee eles ed ob ae ad he ta Lae Po tt] 
| |<2e=a™s 


36.988 37910 .76 3u V 
32.6 37974. V 
Zone 38105. V 
2A aL 38132. V 
20.6 38148. a 
14.177 38241 .55 1 ae 
2599.4 38459. V 
94.431 $8532.59 4R IV 
71.598 38874 .70 SR IV 


* Arnolds, Zeits. f. wiss. Photographie 13, 322 (1914). 
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d(1.A.) v(I.vac.) Int. Origin 
Arc. Abs. 
SPS te Se 
58.056 39080 .47 4r — V 
46.552 39257 .00 5R Simetl 
aieice 39496.31 4r — V 
23.912 39609 .13 3R if IV 
10.9 39815. ee Sy ae 
2497 .724 40024 .39 2 — V 
96.768 40039 .70 2 —_-_ — 
Osa 122 40056 .50 5R if IV 
91.71 40121.0 2r — V 
83 .389 40255 .42 5R Sry Bey 
55.250 40716.73 3 if III 
2433 .473 41081.01 as —_-_ — 
29 .490 41148 .41 6R A; III 
21.690 41280 .93 6R f IV 
08.143 41513 .13 4R f IV 
2380 .742 41990 .90 3R m II 
68.217 42212 .94 1 —_- — 
57.88 42398 .0 1 — IV 
54.840 AIA52 13 6R > Il 
34.799 42817 .09 5R Re te | 
Whee 9 43142 .1 6R ii IV 
2286.65 43718.5 4R m III 
S2uLZe 43803 .32 3 — IV 
68.902 44060 .53 6R ars Lia 
67.160 44094 .37 4R if IV 
Lene 44408 .9 4R f IV 
46.02 44509 .7 6R is | 
31.68 44795 .3 4R m III 
£170 45214. 2R — IV 
09 .60 45242 .9 6R m Ill 
2199.29 45454 .9 6R ») II 
94.42 45555.8 5R et 
Tine 46042 .8 3R — IV 
66.72 46137.4 1R en ie 
5ae31 46467 .3 ois 4 III 
48.71 46524.8 3R m IV 
48.44 46530.6 3R f II 
47.81 46544 .3 1R — IV 
41.34 46684 .9 2R — IV 
40.65 46700 .0 2R if III 
23.61 47074.8 iR — IV 
21.25 47126.9 2R ii IV 
18.51 47187 .6 1R — IV 
13.97 47289 .4 3R Sel ale 
00.83 47585 .1 4R m III 
2098.77 47631.8 1iR — IV 
96.19 47690 .4 4R f IV 
94.20 47735 .7 2R m III 
93.77 47745.5 1R es cee 
92.41 47776.5 1R — IV 
91.58 47795 .4 3R Solin 
85.60 47933 .4 1iR — IV 
84.19 47964 .9 1R — IV 
80.51 48049 .7 2R if: IV or III 
1abdS 48183 .0 iR See 
72.86 48226.9 6R 5 I 
68.47 48329 .3 4R m Ill 
63.95 48435 .1 2R m II 
61.42 48494 .7 iR m IV 
59.56 48538.5 1iR f IV 
2058.28 48569 .0 2R — IV 
54.05 48670.1 2R — IV 
40.85 48983 .4 3R m I 
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TABLE I—continued 


A(I.A.) v(I.vac.) Int. Origin 
Asc+,<Abs, 
40.53 48990 .9 3R m .~ Ii! 
28.56 49280 .0 1R — IV 
e215 49314 .3 2R a I] 
20.79 49409 .4 iR ii II 
15.45 49593 .3 2R f III 
07.90 49787 .2 2R II 
1994 .30 50126.6 2R I 
92.67 50167 .6 1R = 
91.14 50206.1 2R III 
83.39 50402 .5 3R Ill 
4087S 50726 .0 2R II 
59.60 51014.4 1R lor Il 
51.54 51224.8 3R III or I 
47 .6 51329 .0 iR II 
41.81 51482 .2 1 Tor IV 
32.32 51734 .4 1R III 
24.50 51945 .3 2 II 
12.61 52268 .1 1 III 
d(I.vac.) 
11.3 52320 R III 
08.8 52389 R — 
1899 .63 52641.8 3 -— 
97.05 B2 113.4 1 
91.1 52879 R Ill 
85.8 53028 R I 
82.7 53115 R III 
81.4 3152 R III 
7335 53382 R II 
A252 53413 R —_ 
rived 53444 R II 
65.6 53602 R II 
03¢1 53674 R Ill 
Obes 53726 R III 
60.3 53755 R III 
54.2 53932 R II 
aoa) 53996 R II 
48.5 54098 R — 
37.4 54425 R III 
29.1 54672 R III 
23.1 54852 R II 
19.3 54966 R Ill 
1576 55078 R I 
13.0 55157 R I 
08.8 epee) R I 
1804.6 55414 R II 
03.2 55457 R II 
1795.7 55688 R I 
92.0 55803 R J 
87.4 55947 R — 
80.4 56167 R I] 
10 x3 56202 R II 
78.0 56243 R I 
73.4 56389 R I 
Tipe | 56408 R II 
71.4 56452 R —- 
66.8 56599 R — 
65.7 56635 R — 
64.8 56664 R II! 
63.6 56702 R II 
sae 56763 R — 
50.1 56944 R — 
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atmosphere of hydrogen, and are a very valuable contribution to our 
knowledge of the tin arc spectrum. Those lines at which I have ob- 
served absorption by the vapor are indicated in column 4, Table I 
by the letters f, m or S which represent the magnitude of the observed 
absorption. 

On the basis of their own experiments and the work of others (see 
their paper for complete references) McLennan, Young and McLay 
give a table of frequency differences. Sponer® has recently given a 
similar table. The faint arc lines reported by Sponer are also included 
in Table I. These two tables of frequency differences have been used to 
interpret the absorption experiments. Most of the lines of column X¢ 
(McLennan, etc. notation) show strong absorption supporting their 
opinion that these lines represent transitions to the normal state. 
Strong absorption is also observed for the lines which come from the 
X; state. This is not surprising as X; is an excited state differing in 
frequency from the normal state by only 1692 cm7!. The absorption 
lines from the X4 state (Xs—X4=3428 cm7) are in the medium class. 
From the X2 state (Xs— X2= 8324 Be only faint absorptions were 
- observed and finally from X, (Xs—X,=16873 cm) no absorptions 
were observed. In general, therefore, the intensities of the absorption 
lines support their table of frequency differences. 

One naturally wonders if every tin arc line finds a place in tae table or 
if there are more excited states close to the normal state. Several lines 
occupy two positions in their table. For example, 35544.3 (using fre- 
quency rather than wave-length) represents a transition to both the Xi 
and X3 states. The fact that no absorption was observed for this line 
shows clearly that the transition is to the X; state. 48676 is given as a 
transition to the normal state. It should therefore be absorbed rather 
strongly by the vapor. No trace of absorption was found. 41081.1 should 
be a medium absorption line but absorption was not observed. Pro- 
ceeding in this manner, a new table of frequency differences has been 
made and is given in Table II. It is based primarily on the two tables 
already referred to and contains a few changes and several additions as 
suggested by the absorption experiments and the new arc lines observed. 
The X3 state has been omitted as all the ultraviolet lines can be given 
other places in the table and also because the two red lines 16558.0 and 
16845.3 were not observed reversed or absorbed. As regards notation, 
X, is used for the normal state, X_ for the first excited state etc. From 
this list we get the last column of Table I. A line of origin IV is one where 
the transition is to the X,4 metastable state. 


5 H. Sponer, Zeits. f. Physik 32, 24 (1925). 
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Of the 53 absorption lines observed, 52 fit in Table II and in general 
with the approriate intensities. A glance at column 5, Table I, shows 


Xs5V 


Lisl; 
22094. 


27345. 


31059. 


47 
45 


31819 
32963 


34312 


35544. 
35858. 


37910. 


37974 
38105 


38132 
38459 


39080 


39496. 
539 
0 


40024 
40121 


8549.5 


7 
54 


5 


60 


47 


28 
26 


76 


47 


31 


26301 .21 
30016 .04 
30644 .06 
35069 . 84 
35531 .08 
35896 .15 
35963 .03 
$8532..09 
38874.70 
39609 .13 
40056 .50 


41280 .93 
41513713 
42398 .0 


43142 .1 
43803 .32 
44094 .37 
44408 .9 


45214 
46042. 


46524. 
46544. 


46684. 


47074. 
47126. 
47187. 
47631. 
47690. 
47776. 
47933. 
47964. 
(48049. 
48494. 
48569. 
48538. 
48670. 


49280 


PUD NTT NO BE UTE 00 DO 00 No) GW 00 i) 


(51482 .2) 


TABLE II 


Frequency differences—tin arc 


85.5 


31486 .61 
$9201.13 


40255 .42 
40716.73 


41148 .41 
43718 .5 
44060 .53 
44795. 
45252. 
45555. 
46467. 
46700. 
47585. 
47735. 
47795. 
(48049. 
48329. 
48990. 


49593. 
50206. 
50402. 
(51224. 


COtn ke W OW STH ATR © & 00 10 & 


Ve 


51234.4 
51842 


52268 .1 
52320 


52879 


53115 
53152 


53674 
53755 
53726 


54425 
54672 


54966 
56664 


Lines in parentheses occur in two places. 


1735.9 


oa222, 
36937. 
37565. 
41990. 
42452. 
42817. 


45454, 
46530. 
47289. 
48435, 
49314. 
49469. 
49787. 
50726. 
(51014. 


91329 
51945. 


53382 
53444 


53602 
58932 
53996 


54852 


55414? 
55457? 


56167 
56202 
56408 
56702 


WwW =) ite) He Ge 
See 


XI 
1692. (Normal state) 
34914 .29 


39257 .00 


44509 .7 


48226 .9 
48983 .4 


50126.6 
(51014 .4) 


(51224 .8) 
(51482 .2) 


52713 .4 
53028 


55078 
ty 
55285 
55688 


55803 
56243 


56389 


that the lines of the arc spectrum (below \5600) which do not find a 
place in the frequency difference list are as a rule the faint emission 
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lines given only by Arnolds. It seems therefore very probable that some 
of these do not belong to the tin arc spectrum. Out of 40 lines observed 
by McLennan, Young and McLay in the Schumann region, only 9 are 
not classified. We have therefore considerable confidence in Table II 
and do not consider it probable that there are metastable states between 
X,and X;. If the value of the X,; term (59158) as given by MeLennan, 
etc., is correct, then we can calculate the values of all the other terms. 
The problem of determining the nature of the individual terms is one 
of considerable difficulty and I have made practically no advance in 
that direction beyond a few general observations. 

The vacant spaces in Table II are largely to be attributed to the 
selection principle of the inner quantum number. It is also certain 
that the 5 terms Xi, X2, X3, X4 and X; do not at all belong to one sys- 
tem (for example quintet d) as there are terms which combine with 
all 5 and we would have a contradiction to the selection principle for 
inner quantum numbers. We should expect singlet, triplet, quintet, 
etc., systems for tin. If there are p terms among Xj,..... X; then by 
the interval rule the ratios of the separations would be 3/2 for quintets 
and 2/1 for triplets. We note that (X3—X.)/(X;—X:) =3/2. The 
very strong absorption line 3034.116 which could not be placed in 
Table II is one of the strongest absorption lines. It represents a transi-_ 
tion to X1, X2 or X; and may be a combination between a quintet d 
term with inner quantum number 4 and # terms of the same system. 
This would explain the lack of other combinations with the particular 
term involved. Since we have two systems present it is to be expected 
that all lines which involve transitions to the X, term will be faint 
absorption lines if both terms are in the same system and may even not 
be observed as an absorption line if the terms belong to different sys- 
tems and the dispersion of the spectroscope is not large enough. The 
lines from the X,, X2 and X3 states while usually observed as strong 
absorption lines may be faint where we have an intercombination be- 
tween two systems. In conclusion it may be said that the numerical 
relationship of the energy diagram for the tin arc spectrum are very 
well known; the nature of the terms involved, however, is practically 
unknown. 


NATIONAL RESEARCH FELLOWSHIP, 
Puysics DEPARTMENT, 
UNIVERSITY OF MICHIGAN, 
October 31, 1925. 
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SPACE CHARGE CURRENTS BETWEEN COAXIAL 
CYLINDERS IN THE PRESENCE OF A GAS 


By W. H. McCurpy 


ABSTRACT 


Approximate theoretical equation for space charge currents between coaxial 
cylinders with gas present.—Langmuir has derived an equation for the space 
charge limited current between coaxial cylindrical electrodes in high vacuum. 
In this paper Compton’s equation for the terminal velocity of an ion suffering 
elastic collisions in an electric field, is applied to the case of space charge 
currents with gas present. Assuming the pressure sufficient so that the ions 
reach nearly the terminal velocity and neglecting the contribution of thermal 
agitation to the velocities of the ions, the following approximate equation is 


derived: i=AVIV3/(aB)3, where / is the mean free path, V is the voltage, 
a is the radius of the outer cylinder, B is a function of the ratio of the two radii 
(values are given in a table), and A is a constant depending on the charge and 
mass of the ions. 


INTRODUCTION 


T is well known that currents carried by ions between any pair of 

electrodes cannot exceed a definite value which depends on the form 
of the electrodes and the potential difference between them as well as 
on the charge and mass of the ions carrying the current. This limit 
is not in any way dependent on the supply of ions. Langmuir has 
found that for coaxial cylindrical electrodes in a high vacuum, this 
limit is given by the equation 
i ae eV?" 

on 9 aVepey 5° 

where 7 is the current per unit length of the electrodes, e and M are 
the charge and mass of the ions, and @? is a function of the ratio of the 
radii of the outer and inner cylinders. 

The present work is an attempt to derive an equation which will give 
the limiting currents which may be obtained when a gas is present 
in the space between the electrodes. 


(1) 


DERIVATION 
Compton! has found that the terminal velocity which an electron, 
suffering elastic collisions, will attain in a gas is given by 
V.=2(04-VO?+ FE? M/1.134m) (2) 
‘Compton, Phys. Rev. 22, 334 (1923). 
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where V;, is the velocity in equivalent volts, and © is the velocity of 
thermal agitation, also in volts; Z is the electric intensity and m and 
M the masses of the electrons and gas atoms respectively ; / is the mean 
free path of the electrons. | 

Similar considerations yield for the terminal velocity of a positive 
ion, suffering elastic collision,” e 


U = MO+VOFSOLE) (3) 


where U, is the terminal velocity, in equivalent volts, and ZL is the mean 
free path of the positive ion. The other symbols have the same signi- 
ficance as before. 

Under certain conditions of pressure and electric intensity the 
velocity of thermal agitation becomes very small compared with the 
velocity due to the field. This is the case when the electric intensity 
becomes very large while at the same time the pressure is not so high 
as to make the mean free path extremely small. Then to a first approxi- 
mation 


V =4El/M/1.134m (4) 
and 


U =4ELV/4.61 (5) 


If u is the velocity of advance of an ion and », its random velocity of 
agitation, it may easily be shown that 


u=.75Eel/my, (6) 


from consideration of the distance of advance between collisions and 
of the velocity distribution of the ions. 

Poisson’s space charge equation for cylindrical coérdinates reduces 
because of symmetry, to the form 


i (=) = —4rpr= —2i/u ; (7) 


since 7=2mrpu, where i is the current per unit length of the electrodes, 
and p is the charge per unit volume of the space. 
Substituting for u from (6) 


d ( én) 8imy, Bi Nps Toile aa — 
dr\ dr 3eldV/dr * el 1.134m /dV/dr VN 


* McCurdy, Phil. Mag. 48, 899 (1924). 
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on substituting for V, from (4) and putting 


-=/* el / iE 1.134m (9) 


dV/dr=R 


For simplicity, put 
Integrating (8) we get 
2 
aay log (A — R32) = log r+tc. (10) 
For boundary conditions r=a when dV/dr=0, where a is the radius 


of the outside cylinder which is the source of the ions. 
Then, solving for c and reducing we get 


a Y 3/2 2/3 
x= a= (1-(4) ) (11) 
if a 


Expanding the right side of (11) and substituting back for R=dV/dr 
we get 


adr eee ide PN 82 ae 7 \ 812 
orth 2-6) AY} 
Yr Sys Died 81\ a 


Integrating (12) 


eye 1 fr \ 82 8 r \ 9/2 
rane $(2)" 30)" CY} 
9X\a ONG: 729 \a 


The boundary conditions here are r=a, V=0 and r=b, V=Vo where 
b is the radius of the inner cylinder. The first of these gives the value 
of the integration constant and substituting for r=) we have (approx.) 


| BTS Ie Bey fat EL 
Vom Ataf log — = ieee es —(-) { 


(OL) SENN (14) 


to terms in b/a only to the 3/2 power. For a closer approximation this 
may be carried to higher terms in b/a. If, now, we let 


b 359 4/b\3 
a {108 +=--—(-) se 


Vo=A28aB (16) 


then 


Putting in the value of A, this reduces to an equation of the form 


1.134m' ee AR 
8 m M (aB)3!? 
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The value of B depends only on the electrodes. The values of B and 
B3!? are given in Table I for values of the ratio of b/a from 0.500 to 


0.005. 
Eq atin applies to the cases of electron currents. The corresponding 


equation for positive ions is found to be 


3 eL 4.) ,3/? : 
(a aii 
8 \2.15M (aB)3/2 


DISCUSSION 


The general case of ionic currents between coaxial cylinders is very 
complicated and the present analysis is applicable only to a range of 
gas pressures and fields such that the contribution from thermal agita- 
tion’ to the velocities of the ions may be neglected in comparison with 


TABLE I 


Values of (aB) and (aB)*/? calculated for an electrode b of radius 10-3 cm. A plot of 
this function on log paper produces a curve which is straight enough to make interpola- 
tion comparatively easy. 

(aB)*/? may have the value given, multiplied by either +W—1. For electrons the 
factor must be considered as +V —1 while for + ions the value of (Vo/aB)?/2 must be 
negative in order that the sign of the current may be correct. When Vo is considered as 
positive, the observed current is negative. “—1 appears in both numerator and de- 
nominator of Eq. (18), since e is negative for electrons, and thus cancels. For positive 
ion currents é is positive but V> must be negative and aB is also negative so no imaginary 
occurs, but the negative sign must be taken as here the current is positive. 


CMM 
be eB 


b/a —B 

.50 .358 .0716(10) .608(10)~3 
45 -440 .0980 975 
.40 oo . 1340 1.550 

a9 .658 . 1870 2.56 

.30 784. .2615 3.98 

3045 _ 949 .3790 7.36 

.20 Pvi55 .576 13.80 

al 1.429 951 29.40 

.10 1.822 1.822 78.10 

.09 1.930 2.145 99.50 

.08 2.043 2.660 137.0 

07 2.166 3.10 173 

.06 ITS PX, 3.88 242 

05 2.498 4.98 355 

.04 2.728 6.80 563 

03 S013 10.05 1002 

02 3.418 17.10 1308 

01 4.108 41.08 8350 

005 4.828 96.60 29700 


SSS 


the velocities due to the field and such that the ion velocity has approxi- 
mately the terminal value determined by momentum gain between 
collisions and loss at collisions. This latter condition implies numerous 
collisions in the space charge sheath. Most of the work of Langmuir 
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and Mott-Smith with exploring electrodes has been performed under 
conditions in which the use of Eq. (1) is justified. In some recent 
work at Princeton on the low voltage tube discharge, however, con- 
ditions were more nearly those postulated in the present analysis, 
which may be considered as the limiting case opposite to that treated 
by Langmuir. 

An exact examination of the pressure and field conditions under 
which the present analysis may be expected to hold is extremely diffi- 
cult. Rigorously it would hold only at infinite pressures and field 
strengths. This being the ideal condition, we wish to find at what 


TABLE II 


The distance in which a given fraction of the terminal energy is attained by the ions in 
the field, W is the fraction of the terminal velocity considered die, dH, dHy, are the 
distances in which the electrons attain this fraction of their terminal velocity. dyet 
dy*, and dyg* are the corresponding distances for the positive ions of the gases indicated 
by the subscripts. p is the pressure of the gas in mm. 


~ - ~ + + 
dye dy dug He H dug 
(mm) i (cm) (cm) (cm) (cm) (cm) (cm) 
1.0 5 2.90 1.30 1.96 3.36X10°? 1.76X107? 2.83X10° 
2:0 1.45 .655 1.05 1.68 .88 [41 
3.0 965 430 .65 £12 58 94 
5.0 573 262 ays 67 35 56 
10.0 290 131 .196 34 18 28 
100.0 029 013 0196 034 018 028 
1.0 Ai 4.55 2.06 Spe S) Spee oe PbO 4.43 
2.0 a a 1203 1.66 20d 1.38 Poe 
3.0 P52 .68 i dee Of 1.76 .92 147 
5.0 91 41 66 1.05 ae 89 
10.0 46 Zt 33 Pa 276 443 
100.0 046 021 033 .053 028 044 
1.0 9 (eg be 3.50 5.65 9.0 4.70 1555 
20 oY 75 2.08 4.5 2es5 Se ws 
3.0 55 117 1.88 3.0 Pas7 UO) 
5..0 155 .70 i Pa 3 1.8 .94 ie5i 
10.0 78 5 AY .90 47 .76 
100.0 078 .035 057 .09 .047 076 


pressures the desired conditions are approximately satisfied. In order 
to make this possible Table II has been prepared which gives the 
distances in which the ions attain a given fraction of their terminal 
velocity. If the calculation shows that the distance in which the 
ions have attained say 0.9 of their terminal velocity is small compared 
to the distance between the electrodes, we may be sure that the equa- 
tions will give at least approximate results. This appears to be the only 
method of determining the conditions of applicability of the above 
equations. 
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The evaluation of the constant of integration in Eq. (10) may seem 
to be incorrect; for since it is assumed that the velocity of the ions is 
proportional to the square root of the electric intensity, on substitution 
of a zero value for this at the outside electrode, we assume a zero value 
for the initial velocity of the ions, and thus the current must be zero, 
which is impossible. Since, however, theions must have a velocity of 
thermal agitation they will diffuse into the space inside the outer 
electrode and there be caught by the electric field, while at the same 
time the velocity of agitation may be so small that it soon becomes 
insignificant in comparison with the velocity they obtain from the 
electric field. This means, of course, that the analysis cannot apply 
rigorously at the outer electrode. The effect of initial velocities on the 
motion of the ions in such cases as this has been recently considered by 
Langmuir and Mott-Smith.* Consideration of the initial velocities 
in the present analysis, owing to the limited range over which it is 
applicable, appears unnecessary. The general conclusion is that Eq. (18) 
may be used as an approximation provided collisions are sufficiently 
numerous in the gas between the electrodes to give the ions their 
terminal speeds quickly. 

Though this derivation cannot be considered as rigorous and general, 
still it seems to give an advance in the direction of determining the 
effect of collisions on currents between cylindrical electrodes limited 
by space charge. 


PALMER PuHysICAL LABORATORY, 
PRINCETON, N. J. 
October 5, 1925. 


* Langmuir and Mott-Smith, G. E. Rey. 27, pp. 449, 538, 616, 762 and 810 (1924). 
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LOW VOLTAGE DISCHARGES IN HELIUM 
By W. H. McCurpy aAnp P. DaLTon 


ABSTRACT 


Discharge through helium, .01 to 2.9 mm pressure.—A hot filament 
cathode and disk anode were mounted in a glass frame 10 to 12 cm apart, 
the frame being so arranged that it could be moved magnetically inside a 
glass tube of diameter about 4 cm, with reference to a fixed exploring electrode. 
Measurements of potential distribution and of mean energy and concentration of 
electrons were made at three pressures, .095, 0.5 and 2.9 mm. Although pre- 
cautions were taken to secure pure He, striations were obtained because of a 
trace of neon. The results are similar to those obtained by Bramley for hydro- 
gen.! The mean electron energy decreases to a minimum beyond the negative 
glow, then rises to a maximum beyond the face of the first striation. The 
electron concentration falls from a maximum in the negative glow to a mini- 
mum near the cathode side of the first striation; within the limits of accuracy 
of the work, it increases in a given region of the discharge with an increase of 
pressure and is proportional to the current density of the discharge at a given 
pressure. Calculations of the positive ion concentrations by Langmuir’s formula 
and also by one developed by McCurdy, give results which seem to be equal 
to the electron concentrations, but as both methods are merely approximations, 
this result is not very reliable. 


INTRODUCTION 


N investigation of the striated discharge in mercury vapor was 
reported by one of us,? but it was found that conditions were 
satisfactory for only approximate results. It was decided therefore 
to use helium instead of mercury vapor in order to secure more stable 
conditions without loss in the advantages to be derived from the use of 
a monatomic gas. It was found that helium served very well for the 
purpose of the work. 
In the work referred to above the three following equations were 
used and the derivation of them indicated. Reference to the previous 
work may be made to secure information concerning these. 


ip } 
1=Ne( <—-) e—3V /2V (1) 
mM 
_ 3 
V_=——— (2) 
2tan 0 
eV \3 
y= Ne( 3 -) (3) 
™m 


1 Bramley, Phys. Rev. 26, (Dec. 1925). 
* McCurdy, Phil. Mag. 48, pp. 898-917 (1924). 
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In these J is the current per unit area of the exploring electrode and 
Iy is the same when the exploring electrode is at the potential of the 
surrounding gas; V is the negative potential of the electrode with 
respect to the surrounding gas, and V_ the average velocity of the ions 
in equivalent volts; N the number of ions per cc of gas; tan @ is 
d(log. I)/dV of the log, I vs V curves. . 

These equations permit the determination of the potential at any 
point in the field and of the concentration and average energy of the 
electrons, as indicated in the previous work. 

In order to study positive ions, we must use a different method. 
Following Langmuir’s® theory of space charge sheaths we are able, on 
making certain assumptions, to determine concentrations of positive 
ions. If the mean free path of the positive ion is large compared with 
the thickness of the space charge sheath, we may use Langmuir’s‘ 
space charge equation, 

ve pale 
r 3? 
where z is the current per unit We of the electrode and V the poten- 
tial difference between the outside of the sheath and the exploring 
electrode, and thus determine the ratio of the radii of the outside of 
the sheath and the exploring electrode. Thus we have a method of 
calculating the radius of the sheath or the effective collecting area 
of the exploring electrode for positive ions. 

When the ions make numerous collisions while traversing the space 
charge sheath, the above equation cannot be expected to hold. As 
this was the case in the most of the present work, an equation was used, 
which was developed to satisfy such conditions.> This equation evalu- 
ated for helium positive ions, is 


V3/2 


(aB)3/2 | 
where z is the current per unit length of the electrode, Z the mean free 
path of the positive ions and (aB) a function of the ratio of the radii 
of the sheath and exploring electrode. Both methods have been used 
in making the calculations and both results are given. Examination — 
of the tables will show that, since in most cases the sheath thickness 
is large compared to the mean free path of the ions, the results obtained 
by use of the latter equation should be more reliable. 


t= 314 X1001./0 


* Langmuir, G. E. Rev. 26, 731 (1923), 
‘ Langmuir and K. Blodgett, Phys. Rev. 22, 347 (1923). 
* McCurdy, preceding paper in this issue. 
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In order to calculate the concentration of positive ions at any point 
in the discharge, we may now use Eq. (3) with appropriate values 
substituted for the charge and mass of the positive ions involved. 
This, of course, assumes a Maxwellian velocity distribution, which 
would be expected to correspond to the actual distribution, at least 
approximately. A more questionable factor is introduced in determining 
the average energy of the positive ions. In cases of weak electric fields, 
it is assumed that the velocity was that of thermal agitation of the 
gas molecules at the temperature of the gas, which was assumed to 
be 100°C. For cases of greater field strength, the terminal energy was 
calculated from the equation derived by one of us for positive ions.® 


TO PUMPS, etc 


ome PENG ch 


R. 


fh-=---=-[]]4 IIflll- ---------- ff Hift=------l 


Fig. 1. F is the hot tungsten filament cathode, A is the anode and E the exploring 
electrode. A;A:A3are ammeters in different circuits and V; V2 V3the corresponding 
voltmeters, R; R, R; are resistances or resistance potentiometers. 


APPARATUS AND PROCEDURE 


The experimental arrangement is shown in Fig. 1. The method used 
was that first developed by Langmuir’ and used by him in a study of 
the discharge in mercury vapor. The anode and cathode were mounted 
in a light glass frame which could be fitted inside a glass tube about 4 cm 
in diameter. The distance between anode and cathode could easily be 
varied and the distances used ranged from 10 to 12 cm. The whole 
could be moved inside the discharge tube by means of an electromagnet 
and the iron cylinder J, thus making it possible to explore any desired 
part of the discharge by means of the fixed electrode. The electrical 
arrangements need no explanation. 


® McCurdy, Phil. Mag. 48, p. 898 (1924). 
7 Langmuir, G. E. Rev. 26, 731 (1923). 
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The helium was purified, before being introduced into the experimen- 
tal tube, by passing it over a mixture of copper and copper oxide heated 
to a dull red heat, then through cocoanut charcoal immersed in liquid 
air. Mercury vapor and stop-cock grease were kept from the system by 
means of liquid air traps into one of which some gold foil was intro- 
duced as an additional precaution against mercury vapor. The tube 
was carefully baked out before use by heating to about 350°C with 
good vacuum. 

In perfectly pure monatomic gases the positive column is uniform. 
In spite of the above precautions, a trace of a striation was found at the 
cathode side of the positive column. This was assumed to be due to a 
trace of neon present in the helium, which could not be removed by the 
purification process employed. Spectroscopic evidence for this was 
found in a separate experiment, in which even more care was taken to 
remove all traces of impurity from the helium. The system, which 
included the purifying traps and discharge tube, could be cut off from 
the evacuation system by means of a mercury cut-off and was pro- 
tected by liquid air traps. The whole was baked out to a temperature 
of 500°C under high vacuum and the copper-copper oxide mixture 
heated to a bright red heat. The metal anode was heated by means 
of an induction furnace until there was no glow produced by the 
furnace when the anode was at a very bright heat. The helium was 
then introduced after preliminary purification and the discharge 


started, which should cause the helium to flow through the hot copper- 


copper oxide mixture and through the charcoal in liquid air. Even 
after continued operation it was found that a trace of a striation still 
remained at the cathode end of the positive column. The only impurity 
that could be found spectroscopically was neon which showed very 
faintly. Thus it seems logical to assume that the neon was the cause of 
the striation observed. It may also be noted that this agrees with the 
theory advanced to explain striations in the positive column of the 
discharge,® since several of the critical potentials of neon, including the 
ionizing potential, are below the lowest radiating potential of helium. 


RESULTS 


Tables of the average energy of the electrons and concentrations of 
the electrons and positive ions under different conditions are shown 
in Tables I, I, III and IV in which the symbols have the following 
significance: V is the average energy of the electrons, N_ is the con- 


* Compton, Turner and McCurdy, Phys. Rev. 24, 597-615 (1924) also McCurdy, 
loc. cit.? 
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centration and J_ the electron current per unit area of the exploring 
electrode; J; is the positive ion current per unit length of the exploring 
electrode, a; and a» are the radii of the outside of the sheath as calcu- 
lated by Langmuir’s and the author’s equation respectively, nt 
and Nz are the positive ion concentrations as calculated from the 


corresponding radii. 


TABLE I 


Results for helium at 2.9 mm pressure, Length of the discharge 11.6 cm. V4 assumed 


to be .049 volts in values marked*, otherwise V, was calculated to be .110 volts. Tube 
current 90 m.amps. D is the distance from the anode. 


D i¢2 Vs N_ a en Nt N+ 

(cm) (X10?) (volts) (107%) (10%) (102) (102) (A10-*) (X10-*) 
Cathode 

12.235 52. 3.6 293. Baf5 1457 YT *3h2% #2 32h 
11.0 197. 2.02 336. Tet? 1.86 2.56. -*168.. *1225 
10:5 79. 202 123) £526 2.20 3 10. e757 ; *40.0 
10.0 27-8 SBIR) 42. 7253 3.0 S25) te -4355 

9.0 eeO1)- °2:46 16.5 .098 4.8 9.90 der ct hay 

Res S058 65.55 4 Eade 4.9 10.6 AZT 2.02 
1st Striation 

6.9 S15 6.9 53 7161 4.6 10.1 6355 2.9 

6.3 oho Pos. 0 a5 P24 4.25 8.5 10.3 S19 

val 3255) 649 6.4 B365 3.68 7205 18.5 9.60 
2nd Striation 

4.4 BO = 8°35 (252 .356 3.82 TROL i Gee! 8.80 

ak Cote oO. O 9.3 .263 A 62 9.35 10.6 te | 

Anode 
TABLE II 


Results for helium at .5 mm pressure. Length of the discharge 12.0 cm. V; assumed 


to be .049 volts in values marked*, otherwise V, was calculated to be .430 volts. Tube 
current 50 m.amps. D is the distance from the anode. 


D fies V2 N_ 1b. ay Ni N2* 
(em) (X10) (volts) (X10-%) (x40) (X04) (x02) (10-9) (<10~) 
Cathode 
11,9 .92 6.26 2262 .7195 5.06 PPA EY Be | 27.9 
) a 1.58 Sy) 40.2 .558 aS Oi Sa 2h *Lied 
at3 124 2414 Cre) .460 G.108 10-0 fee 21 1 *12.8 
10.7 . 84 1795 2625 .348 Oo Srmbieoe 9 1453 #2303 
10.1 .48 1.82 Lees, . 208 SOS ea iia” 0.528 92 0.8 
9.3 26 2 14 PRO .130 jeg cum toto + o.2leoe 1295 
8.3 14 3.28 3.43 e124 tints tO sae 25950 ett 87 
Y eo 156 4.95 eas ek Oni mead 0. Oem orc 4. oes eed 
1st Striation 
6.3 .072 ‘ifdew | 1-24 .208 10520 =1656 1.93 1.19 
Sid 132 8.7 1593 .192 TOTO rata oe 1.74 1.05 
4.3 .120 Osis 175 hy tte) Vel Sed Pets 86 
6 ae .088 7.85 1.39 166 tT SU Loe 1.36 82 
ve .080 625 et 179 £13905) 20 92 142 84 
2nd iain 
bp 072 7.05 1.20 166 17290012032 1.29 75 


Anode 


eee 
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TABLE III 


Results for helium at .095 mm pressure. Length of discharge 10 cm V4 assumed 
to be .049 volts for all computations as the electric intensity is very small at all points 
given in the table. In this case, the positive column has not appeared in the region ex- 
plored. Only the negative glow and cathode end of the Faraday dark space are present. 
Tube current 50 m.amps. 


D ; i V N_ ES ~ ay de Nit oc Ng 
(cm) (X10?) (volts) (107°) (108) (X10?) (10?) («107% («107 
9.95 .195 wm Kote 31.8 pe ead Fe 
9.9 .332 19.3 29.4 3.38 2.21 
9.8 Age? 15.9 274 §.52 3.19 
9.6 .348 14.6 26.3 6.65 3.70 
9.2 1.57 ra ied! 2.54 .296 13.0 24.3 6.40 3.41 
8.4 2.16 7.85 3.40 .267 14.3 25.6 54723 2692 
Wee 1.60 13 2.62 .238 1542 26.2 5.38 yy | 
6.0 1.68 7.85 2.64 224 16.6 254 3.78 2.26 
5.0 1:28 7.3 2.09 251 15.4 26.8 4.39 2.62 
4.0 1.08 7.6 1.73 .256 15.0 26.3 4.62 2.73 
3.0 .50 7.85 .19 243 1537 Zig 4.41 2.48 
2.0 44 6.8 art: 1232 1527 27.6 4.18 2iao 
1.0 -28 7.05 .47 .229 15.3 26.8 3.98 2.38 

4 .26 (py .43 2195 16.7 27.9 3425 1 


TABLE IV 


Comparison of the concentration of electrons 
with the current density of the discharge. Pres- 
sure was 2.9 mm., voltage across the tube was 
83 volts and the length of the discharge 11.6 
cm. D is the distance of the point from the 
anode in cm. JN, is the concentration with a 
discharge current of 90 m.amps. Ni is the 
concentration with a discharge current of 


180 m.amps. 

D iNg IN te 
anode 
350CiH 7 6< 108 16.8109 
5.0 . Teo 14.8 
6.0 4.7 11.4 
7.0 5.6 11.6 
9.0 16.5 26.0 
10.0 42 90 
10.5 123 280 
110 336 660 
Ady 300 520 

cathode 


1. Potentral distribution. Owing to the striation of the positive 
column, it was found that the potential gradient in the positive column. 
was not uniform, but resembled in general that found in earlier work 
on mercury by one of us, and in hydrogen in recent work by Bramley.’ 
The continuous curves in Figs. 2 and 3 show the potential distribution 
at two different pressures, 2.9 and 0.5 mm respectively. 


* Bramley, Phys. Rev. 26, (Dec. 1925). 
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In the negative glow the potential gradient is very small or zero at 
higher pressures and is negative at lower pressures. The field gradually 
increases from the negative glow through the Faraday dark space to 


Fig. 2. Full curve represents potential distribution with ordinate given on left. 
Broken curve applies to electron concentration with ordinates given on the right multi- 
plied by factors entered above each section of curve. Pressure 2.9 mm. 


the positive column, reaches a maximum about the head of the positive 
column and falls off again inside the positive column. This also is in 
agreement with Bramley’s results on hydrogen and the less conclusive 


Fig. 3. Full curve represents potential distribution with ordinate given on left. 
Broken curve applies to electron concentration with ordinates given on the right multi- 
plied by factors entered above each section of curve. Beginning of the negative glow 
is about N.G. and the positive column about P.C. Press. 0.5 mm. 


results on mercury already referred to, and also with results on low 
voltage arcs in argon reported by Compton and Ekart.!° This negative 
gradient is necessary in order to account for the observed currents in 
the discharge. 


*° Compton and Ekart, Phys. Rev. 24, 97 (1924). 
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2. Average energy of electrons. The average energy of the electrons 
was calculated from the log. J vs V curves by Eq. (2). It was found 
that the average energy of the electrons was independent of the current 
density of the discharge but depended on the pressure of the helium. 
This was to be expected as it was found that the potential distribution 
was little affected by current strength and thus the average-energy 
of electrons should also be independent of the current strength. Com- 
parison between tables I, II and III shows that, at corresponding points 
of the discharge the average energy of the electrons increases with a 
decrease of pressure, except at points in the negative glow, in which 
case the increase in the current with the voltage in the curves from 


which the average energy is calculated is so rapid as to render accurate | 


determinations of the average energy very difficult. It may therefore 
be stated that the average energy of the electrons in a given region of 
the discharge increases with a decrease of pressure. This is what should 
be expected from Compton’s!! equation for terminal velocities of elec- 
trons in a gas. Sufficiently accurate data have not been obtained 
however, to make numerical comparisons with Compton’s equation. 

3. Electron Concentration. The variation of the electron concentra- 
tion with different factors in the discharge is closely related to the 
variation of the electron energy. Since the average energy has been 
found to be independent of current density in the discharge, the electron 
concentration should be proportional to the current carried by the 
discharge. By making determinations of the concentrations of the 
electrons at different currents, other conditions remaining constant, 
it was found that within the limts of accuracy of the experiments the 
concentration of the electrons was proportional to the current density 
of the discharge current. Results of this work are given in Table IV. 
Further, since the average energy was found to increase with a decrease 
of pressure, the concentration of electrons, necessary to produce a given 
current, should decrease with a decrease of pressure. Results given in 
Tables I, II and III appear to indicate that this is actually the case. 
As in the case of average energies, however, the experimental data are 
not sufficient, either in volume or accuracy, to enable a relation between 
pressure and concentration to be determined. 

The mechanism of conduction, at best, must be complicated, since 
in all parts of the discharge we must have present in varying degrees 
both conduction and diffusion currents which together produce the 
observed discharge currents. Consequently a prediction as to how any 


4 Compton, Phys. Rev. 22, 334 (1923). 
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factor should depend on any other must be based on very elaborate 
experimental data. 

4. Positive ton concentration. It will be noted from the tables that 
the positive ion concentration has in all cases been calculated by the 
use of two different equations. In all cases but the last it may safely 
be assumed that Langmuir’s space charge Eq. (4) cannot be expected 
to give accurate results as, on the average, the positive ions must suffer 
several collisions inside the space charge sheath. Further, Eq. (5) 
would appear to give a more reliable result, except possibly in the 
negative glow where the sheath thickness is not very large compared 
with the distance in which the positive ions attain .9 of their terminal 
energy, since the conditions of derivation of this equation are more 
nearly fulfilled than those underlying Langmuir’s equation. The 
average electric intensity within the sheath is in all cases much greater 
than 100 volts per cm which would make the velocity of thermal 
agitation very small compared to that produced by the action of the 
electric field on the ion. Thus the values given under Nz in tables I 
and II appear more reliable, while those under N, are probably more 
reliable in Table ITI. 

In all cases the concentration of positive ions is very large in the 
negative glow and falls off towards the positive column. Inside the 
striations it has a varying value which follows closely the variations of 
the electron concentration. Also in the majority of cases the agreement 
in actual values between the electron and positive ion concentrations is 
fair. There is in no part of the discharge a great preponderance of ions 
of either sign, which must be true since the potential distribution shows 
no effect of large space charge at any point of the discharge, except 
within the cathode drop, which we could not explore by this method 
on account of its very small thickness. 

Any data concerning positive ions must, at best, be only rough 
approximations. We have at present no method of determining directly 
the energy of the positive ions under the conditions which are main- 
tained in the discharge and thus an error of 100 percent or more may 
-occur. Thus the agreement found in this work appears satisfactory. 


CONCLUSION 


The results here reported appear to confirm, in some respects at 
least, the theory advanced by Compton, Turner and McCurdy,® in 
that the concentration gradient of electrons” is sufficient to account 


2 For a discussion of the necessary negative potential gradient in the negative glow 
reference must be made to the papers referred to above.® It is there pointed out that a 
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for the current in the negative glow and Faraday dark space. The 
negative potential gradient in the negative glow is found to occur at 
low pressures while at higher pressures the gradient is very small or 
zero. The observed negative gradients are of the order demanded by 
the kinetic theory of ionic diffusion. Also the cathode side of the 
striations appears to be a region of ionization and of positive space 
charge. 3 

Sufficient data were not obtained to enable any numerical relations 
between average energy and concentration of electrons and the gas 
pressure to be established. 

In conclusion, the authors wish to express their most sincere thanks 
to Professor K. T. Compton for his interest in the work, and valuable 
suggestions throughout the course of the investigation. 


PALMER PHYSICAL LABORATORY, 
PRINCETON, N. J: 
October 2, 1925. 


a a a 
negative gradient in this region is necessary, since the current produced by the diffusion 
of electrons as calculated on the basis of the kinetic theory is larger than the observed 
current, thus a negative electron current is necessary to explain the observed facts. 
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THE UNIVERSAL CONSTANT OF THERMIONIC EMISSION 


By P. W. BRIDGMAN 
ABSTRACT 


Theoretical deduction of the formula for thermionic emission.—The 
constant A of the thermionic emission formula: [=A T%e~*/T has been shown 
by Richardson and Dushman by different lines of argument to be a universal 
constant, and a value for the constant has been deduced by Dushman. The 
experimental data of Dushman verify this value of A for pure metals, but if the 

. metal is coated there are very wide divergences. In this paper an attempt is 
made to give a more rigorous deduction of the emission formula, so that it 
may be plain under what conditions it may be expected that A be universal. 
Assuming that the entropy of the electron gas is the same as that of an ordinary 
monatomic gas in the Sackur Tetrode theory, and also assuming that the 
entropy of a surface charge is zero at 0° Abs. it is shown that an emission 
formula of the type above necessarily demands that A have the universal 
value assigned by Dushman, and the necessary and sufficient condition for 
this is that the difference between the specific heat of the neutral metal and of a 
charge on its surface vanish (Cp,—Cp,=0). This condition may also be 
formulated in terms of the surface heat and is equivalent to ¢+dP,/dT 
—P,/T=0, where P, is the surface heat and « the Thomson heat. If ¢ can be 
neglected, the emission formula holds with the form given when P, is pro- 
portional to absolute temperature. 

_ Physically it seems probable that (1) if the metal is uncoated the forces 
on the surface ions are nearly the same as on the neutral atoms, so that the 
condition Cym— Cpp =0 is satisfied, but (2) if the surface charge has the proper- 
ties of a gas, as in an oxygen coated filament, (a) the specific heat may be 
different from that of the metal, or more probably (b) the entropy of the 
surface charge may not vanish at 0° Abs.; and (3) if the surface is coated 
with another more easily ionizable metal there may be electrical forces on the 
surface ions which modify their specific heat. 


INTRODUCTION 

| es two recent papers Dushman! has given a theoretical deduction of 
‘ e e * k 

the constant A of the formula of thermionic emission 


T= A Tee tt 


and has discussed the agreement with experiment in the light of new 
and more accurate data. The deduction of the value of A involves the 
Sackur-Tetrode theory of the entropy constant of a monatomic gas 
(which here is the electron gas in contact with the metal), and the 
value found by Dushman is A = 2rk?me/h’. 


1S. Dushman, Phys. Rev. 21, 623-636 (1923); 25, 328-360 (1925). 
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In a note commenting on the first paper of Dushman, Richardson? 
points out that as early as 1915 he had, by a purely thermodynamic 
argument not involving quantum theory, shown that A is a universal 
constant, and had even gone further, and by an argument involving 
quantum theory, had found the factors k®me/h? in A, but with a numeri- 
cal coefficient different from 27. * ° 

Experimentally Dushman found that the formula is entirely satis- 
factory for tungsten, for which the experimental data are most accurate, 
and probably is satisfactory for molybdenum and tantalum, for which 
the data are less accurate, but that if the emitting substance is not a 
pure metal, but is coated, the values of A range from 5X10" to 3X107 
(1925 paper, page 358). It would appear, therefore, that the arguments 
of both Dushman and Richardson must neglect some factor which is 
not important for pure metals, but which may be very important indeed 
in the more general case to which their arguments apply at least by 
implication. 

Dushman states that his theoretical deduction of A neglects the 
surface heat, and that the agreement of the formula for tungsten 
indicates that for this metal the surface heat is small. Dushman, how- 
ever, does not show at all in detail how the surface heat is concerned 
in the deduction of the formula, so that although we may be willing 
to accept his statement that the formula could be obtained by neglecting 
the surface heat, it is not at all obvious that conversely we may infer 
that, if the formula holds, the surface heat must be zero. The question 
of the surface heat was discussed by me at considerable length in the 
Physical Review® several years ago. It is a reversible heat which must 
be added or subtracted when an electrical charge is applied to or re- 
moved from the surface of a conductor isothermally. The possible 
existence of this surface heat has been neglected in nearly all thermo- 
dynamic discussions of this subject. 

The original and fundamental thermodynamic discussion of Richard- 
son has been recognized for some time to be lacking in rigor because of 
his interchangeable use of quantities thermodynamically different. 
Schottky pointed this out in 1915,4 and I also discussed the matter at 
some length* (without knowledge of Schottky’s work, which was in- 
accessible because of the war), and gave corrected forms for several 
of Richardson’s formulas. Richardson has recently recognized® that 


* QO. W. Richardson, Phys. Rev. 23, 153-155 (1925). 

* P. W. Bridgman, Phys. Rev. 14, 306-347 (1919). 
‘W. Schottky, Verh. D. Phys. Ges. 7, 109-121 (1915). 
°O. W. Richardson, Proc. Roy. Soc. 105, 403 (1924). 
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he did neglect the difference between two quantities really different, 
but his present position is that as a matter of experiment the difference 
is small, and he points to recent experiments on tungsten as justifica- 
tion. He characterizes as “severe” my criticism that “the neglect of 
the surface heat in Richardson’s equation would therefore seem to be 
indefensible, and until the order of the effect is known we cannot tell 
whether Richardson’s equation is even approximately correct.” In 
view of possible experimental variations from 5X10" to 310-3 it 
does not seem to me that this remark is “severe.” 

It is the purpose of this paper to present a derivation of the thermionic 
emission equation without the approximations of either Richardson or 
Dushman, to find under what conditions the formula reduces to the 
simple form given, and in particular what are the necessary assump- 
tions about the surface heat, and finally to discuss what may be the 
physical basis for the evident difference between the value of A for 
coated and uncoated conductors. 


DEDUCTION OF THE THERMIONIC EMISSION FORMULA 


It must in the first place be said that it is recognized by everyone 
that there is an uncertain element in the formula for thermionic 
emission current in that it is necessary to assume no reflection of elec- 
trons On impinging on the metal surface from the gas. Thermodynamic- 
ally we can find only the density (or pressure) of the electron gas in 
contact with the metal under equilibrium conditions. To pass from 
electron density to saturation current involves kinetic theory, as- 
suming Maxwell’s distribution of velocity, and also the assumption 
of no reflection. In the following discussion we consider, instead of 
the emission current, the electron gas pressure. Under the usual as- 
sumptions of kinetic theory Dushman’s formula is then equivalent to 


(24 m)3/2R5/2 
ae —T5/2p—boIT 
he 


where ? is the density of the electron gas at points immediately out- 
side the metal, and the significance of the other letters is the conven- 
tional one. (I shall assume here as known and accepted the results of 


6 In this discussion no consideration is to be given to the somewhat modified form of 
the universal constant which would be obtained if the theory of G. N. Lewis of ultimate 
rational units is accepted. In view of the considerable uncertainty arising from the 
effect of electron reflections at the surface, I do not believe that any measurements of 
the saturation current are able at present to distinguish between the two values of 
the constant. 
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the long discussion between Schottky and v. Laue as to the justifia- 
bility of treating the electron atmosphere as a perfect gas.) 

It should also be said that the new ideas about the entropy constant 
of a monatomic gas were first applied to the electron vapor by v. Laue,’ 
who obtained a value for ~ in which the coefficient of the exponential 
term is exactly that of Dushman, but which has the exponential 
term e~“/2T, Here u is the so-called “electron affinity” of the electron 
for the metal. v. Laue explicitly recognized and stated that w may be 
a function of temperature. If there are terms in mw proportional to the 
temperature the universal constant will obviously be modified, and 
in any event the formula does not reduce to that above unless p is a 
constant. Physically, “electron affinity” is a concept most difficult to 
interpret in terms of quantities directly measurable, so that the formula | 
as given by v. Laue actually becomes an equation for finding “electron 
affinity” in terms of emission data, and is therefore not adapted to our 
purposes, although from the thermodynamic point of view no criticism 
can be made of the rigor of the deduction. 

Given now a neutral metal at 0° Abs. We raise it, in the neutral condi- 
tion, to the temperature 7, and at this temperature evaporate from it 
reversibly at the equilibrium pressure a certain number of electrons, 
leaving behind on the surface of the metal in the form of surface charge 
an equal and opposite positive charge. The final system consists of 
electron vapor, surface charge, and remaining neutral metal. For the 
purposes of this argument we may imagine that all the neutral metal 
is evaporated, leaving a final system of only vapor and surface charge. 
The entropy of the final system is the sum of the entropy of the gas 
and of the surface charge. If we accept the dictum of the third law 
that the entropy of the neutral metal is zero at 0° Abs., the entropy 
of the final system is also equal to the entropy imparted to the neutral 
metal on warming from 0° Abs. to T plus the entropy change during 
evaporation. The entropy of the electron gas per electron is 


Sot+(5/2)k log T—k log p 
where, according to the Sackur-Tetrode theory so has the value: ~> 


A, 3/2 p5/2 
som#( 5/2-+1og—— 


The entropy change of the system during evaporation is 7/7, where 

7 is the latent heat of evaporation per electron, the system being isolated 

so that during the evaporation a compensating surface charge is left on 

the metal. The entropy change of the neutral metal during heating is 
7M. von Laue, Jahrb. d. Rad. u. Elek. 15, 257-270 (1918). 
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S'i\(Com/T)dT, where Cym is the specific heat at constant pressure of 
that number of atoms of the neutral metal which give rise to one elec- 
tron of vapor. The entropy of the surface charge, assuming that the 
surface charge acts like a condensed system so that its entropy at 
0° Abs. vanishes, is afr (C,,/T)dT, where C,, is the specific heat at 
constant pressure of the surface charge left when one electron eva- 
porates. Equating these entropies gives 


(2rm)3/2p 5/2 
: ) 


-+(5/2) log T—log p 
T 
fi (Cop/T)dT . 
0 
This equation may be solved for p, giving 
(2am)3/?R5/2 


p= T5126 5/2a/ AT + (1/2) S [(Cpp—Cpm)/TIAT. 
he 

In this expression everything except the exponential is of the form 
deduced by Dushman. Our immediate problem is then to find under 
what conditions the exponent reduces to —bo/T. We must in the first 
place use what information we have about 7, which is a function of 
temperature. One relation is immediately obtained from general 
thermodynamics. We have for the latent heat of any transition 


dn n a(= dAv 


n/T +f Com/t a7 = p (5/2++108 


aT a 

Here Av is the change of volume during the transition, and AC; is 
the difference between the specific heat of the system before and after 
the transition. Applied to the electron vapor, we may in the first 
place neglect the volume of the metal and surface charge compared with 
the volume of the vapor, putting Av=v=(kT/p). AC,, which for usual 
systems consist of only two terms, here consists of three terms, arising 
from the gas, the surface charge, and the neutral metal. 


Re Con Cae 


Sr) + 8c 


For a monatomic gas C,,=(5/2)k. Substituting these values gives 
dn 
ete oe ORL E RCH Con ? 

which gives on integrating 


: yf 
n= mot (5/DKT+ f (G2 ORT. 
0 
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Substituting back in the value for p, we obtain 
(23m) /2R5/2 


See F 


T512¢—me/kT —(1/4T) S” (Cop —Cpm)aT +(1/k)S-” (1/T) (Cop —Cpm)aT 
0 0 


Now to find under what conditions the exponent has the desired form, 
we put 


—no/#T—(1/KT)f (Coo —Com)dT + (1/2) uy (1/T)(Cro—Com)dT =—by/ Tr 


0 0 


Differentiate by 7, giving 


T 
mole +(1/aT2) ff (Cop — Com) dT = bo/T?. 
0 


Multiply by 7? and differentiate again, giving 
Cp —Cpm = (0). 


Hence we see that the vanishing of C,,—(Cpm is a necessary and suffi- 
cient condition for the formula found by Dushman with his value of - 
the constant. We may go further and inquire under what conditions 
the formula takes the form A’T*/2e—%/T where A’ is some constant 
different from that above. The question is at once answered like that 
above by putting the exponent equal —b)/T+Const. Differentiation, 
as before, again shows that C,,—Cym=0, so that we conclude that if 
the expression A’7%/e-%o/T holds, both.C,,—Cpm must vanish, and 
A’ must have the universal value above. 

The conclusions of the last paragraph have involved the assumption 
that the surface charge acts like a condensed phase in so far as to 
have zero entropy at 0° Abs. If this condition is not satisfied, there will 
be a constant in the exponent, so that there results a formula A /T*/2e~*0/T 
with a value for A’ different from the universal constant above. 

That Dushman has essentially neglected the term C,,—Cpm may be 
seen by a detailed examination of his argument, particularly his equa- 
tion (2) on page 624, and his remarks at the bottom of page 624 and 
top of page 625. 

The conditions under which the general formula with the accepted 
universal constant is valid have thus far made no mention of the surface 
heat. The connection may now be shown as follows. Equation (28) 
of my previous paper,’ deduced by cyclic operations suggested by 
Richardson’s analysis and entirely different from any used in deducing 
the previous value of dy/dT is equivalent to the equation 


dn/dT =(5/2)k—e(a+dP,/dT—P,/T) . 


UNIVERSAL CONSTANT OF THERMIONIC EMISSION 179 


Here P, is the heat which must be absorbed by the system to maintain 
it isothermal when one unit of electricity is added to the surface, and 
a is the Thomson heat as ordinarily defined. Equating the two values 
of dn/dT gives 


Ge Cnet dP dT — PT . 


Hence the assumption implicitly contained in the argument of 
Dushman, and also in that of Richardson as far as its application to 
the present problem is concerned, is equivalent to setting o+dP,/dT 
—P./T equal to 0. Now it is generally considered that ¢ is small com- 
pared with other terms in problems of this character, so that if we neg- 
lect it the condition reduces to dP,/dT —P,/T =0, which demands that 
P, be proportional to temperature. 

It 1s therefore not necessary that the surface heat vanish in order that the 
emission formula hold; numerically it may be large or small provided 
only that it be proportional to temperature. 


PHYSICAL SIGNIFICANCE OF THE CONDITIONS 


Returning now to the condition expressed in the form Cym—C,,=0, 
the experimental data obtained by Dushman suggest that the specific 
heat of the ionized atoms which constitute the surface charge is the 
same as that of the neutral metal atoms if the metal is pure, but dif- 
ferent if the metal is coated. What may we conceive to be the physical 
reason for this? If the metal is pure the surface charge consists of 
ionized atoms scattered about in the surface layer of the crystal lattice 
of the metal, which reaches to the surface without alteration. The 
analysis of v. Laue has shown that if the electron vapor is to be treated 
as a perfect gas and the effect of space charge neglected, the electron 
vapor can occupy a space only a few free paths thick. Under these 
conditions the distance between the ions in the surface layer is of the 
same order of magnitude as that between the electrons in the vapor, 
and since the electrical forces between the electrons in the vapor are 
negligible under these conditions, it must also be true that in the surface 
layer the mutual electrical forces between the ions are negligible com- 
pared to the forces holding the ions in the crystal lattice. The natural 
frequency of the surface ions is then approximately the same as that 
of the surface atoms, and the specific heat is therefore the same. 

If, however, the metal is coated, these conditions no longer hold 
and we may have various sorts of behavior. If the surface coating has 
_ approximately the properties of a gas, as in an oxygen coated filament, 
the surface atoms have the specific heat of a gas atom, which is only 
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half that of an atom in the solid at high temperatures, but greater 
at low temperatures. Or, which seems to me much more probable 
under these conditions, the failure of the formula may be due to the 
non-vanishing of the entropy of the surface charge at 0° Abs. If on 
the other hand the coating is another metal, particularly if it is one 
more easily ionized than the underlying.metal, the surface charge will 
consist of ions of the coating metal. If there is any tendency for the 
coating atoms to bunch themselves on the surface, the ions to which 
they give rise will be subject to mutual electrical forces which may 
modify the specific heat. 

One is tempted to try for further information about the precise be- 
havior of Cym—C>, in those substances for which the constant of the 
emission formula has not the universal value above. This, however, 
is probably not possible with present experimental data. Our argument 
above has suggested that A Te—*/T cannot be the correct form of the 
emission formula under these conditions, but that this form is only 
an approximation. Before we can reason back to the behavior of the 
specific heats we must know the correct form of the function. It is 
presumably impossible to do this with sufficient precision until ex- 
perimental accuracy is very greatly improved, as is suggested by the 
fact that until very recently it was impossible to decide whether a 
formula with T? or T? fitted better the experimental data. 


THE JEFFERSON PHYSICAL LABORATORY, 
HARVARD UNIVERSITY, CAMBRIDGE, Mass. 
November 15, 1925. 
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THE DIELECTRIC CONSTANT AND MOLECULAR 
WEIGHT OF BROMINE VAPOR 


By Linus PAULING* 


ABSTRACT 


It is shown that the conclusion reached by Bramley in a recent article that 
bromine has the formula (Brz)¢ is inconsistent with previous results relating 
to the density of this substance in the gaseous state and that it is not theoreti- 
cally justified by the considerations presented by the author. 


N a recent paper entitled “Measurements of Velocity of the Synthesis 

of Hydrogen Bromide by Capacity Change” Arthur Bramley! has 
reported that his experiments lead to a value of 1.0128 (reduced to 
0° and 1 atm.) for the dielectric constant of bromine vapor, from which 
he draws the conclusion that bromine has the formula (Br2)s. Assuming 
that bromine vapor consists of diatomic molecules, he calculates from 
Lorentz’s formula k—1=Cp, where p is the density and C a constant 
evaluated from measurements on liquid bromine, that the dielectric 
constant x should be 1.0022. Furthermore, from the index of refraction 
n of bromine vapor, 1.00115 (reduced to 0°C. and 1 atm.) and the 
equation k= 7”, he finds a nearly equal value 1.0023. Since his observed 
value of k—1 is almost six times that calculated for Bre, he concludes 
that bromine vapor must have the formula (Bro)s. 

This conclusion is, however, not in accord with density investigations. 
In an extensive series of vapor-density experiments, E. P. Perman? 
has shown that except at very high temperatures bromine vapor con- 
sists entirely of diatomic molecules. Vapor-densities (referred to that 
of hydrogen as unity) from one series of experiments at 14.7-15° 
are given in the accompanying table. 

Pressure in mm. 98.65 63.70 S2aL0 16.65 

Vapor-density 80.3 80.4 Sie 83.3 
Professor Perman concludes “These results show that, on approaching 
the liquid state, bromine has no tendency to form molecules with more 
than two atoms. This agrees with the results of Paterno and Nasini° 
by Raoult’s method, which indicated molecules Brz in aqueous and 
acetic acid solutions.” He further states that experimental errors 

* National Research Fellow in Chemistry. 

1 A. Bramley, Phys. Rev. 25, 858 (1925). 


2 E. P. Perman, Proc. Roy. Soc. 48, 45 (1890). 
’ Paterno and Nasini, Deutsch. Chem. Ges., Ber. 21, 2153. (1888). 
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account for the apparent increase in vapor-density at very low pres- 
sures; this increase of course could not be adduced as evidence of the 
formation of molecules with more than two atoms, for this would 
contradict the principle of Le Chatelier. 

The value reported by Bramley for the dielectric constant of bromine 
vapor is surprisingly high, in view of tle fact that diatomic bromine 
molecules presumably do not have large electric moments. It is un- 
fortunate that the investigator published none of his experimental data 
on capacity measurements and determinations of the partial pressure 
of bromine, which would have permitted checks on his calculations. 
It seems probable that the value 1.0128 is incorrect because of large 
experimental errors, for the capacity measurements represented in the 
graphs were subject to remarkably large fluctuations, amounting, in 
fact, in some cases to as much as fifty percent of the total change pro- 
duced by the reaction. The investigator attributed these fluctuations 
in his measurements to variations in the amounts of bromine vapor 
present as Bre and as (Bre)s. Since (Bre). is probably not present this 
explanation is of course unsatisfactory ; even if it were present, familiar 
statistical mechanical considerations indicate that such enormous 
fluctuations could not be expected to occur in a chemical equilibrium 
involving such a large number of molecules. 

This uncertainty concerning the experimental work throws doubt 
also on the final conclusion reached by the investigator that the 
specific photochemical rate for the chemical reaction considered hasa 
negative temperature coefficient. 


CALIFORNIA INSTITUTE OF TECHNOLOGY, 
PASADENA, CALIFORNIA. 
November 20, 1925. 


* That such fluctuations in a chemical equilibrium do not occur is at once evident if 
one considers their influence for example on the pressure of the system. From Fig. 2 of 
Bramley’s paper it is seen that the measured capacity of the cell had for a period of two 
minutes a value greater than the equilibrium value by an amount of over 15% of the 
total change corresponding to the complete combination of hydrogen and bromine to 
form hydrogen bromide. Since the Capacity measurements are made on all the gas 
between the two plates in his cell, this result requires that if the volume of the gas 
(about 1 cc) were kept constant, the pressure would show variations due to the postu- 
lated fluctuations from the equilibrium state. As there is liquid bromine present the 
pressure is at least 150 mm; hence the explanation of his observations advanced by 
Bramley would require that pressure variations greater than 20 mm and lasting more 
than two minutes occur in this system, This is, however, obviously not possible; we 


are led to accept the alternative explanation that the variations are due to experimental 
error. 


PHYSICAL REVIEW FEBRUARY, 1926 VOL. 27 


TEMPERATURE COEFFICIENT OF MAGNETIC 
PERMEABILITY OF SHEET STEEL 


By T. SPOONER 


ABSTRACT 


The samples tested were annealed punched rings of commercial sheet steel 
such as is used in electrical apparatus, containing 0.9 to 4 percent silicon. 
Temperature coefficients were determined in the range from —20° to +46°C. 
As the induction was increased from 2 to 10 kilogausses, the coefficient de- 
creased from +.12% per 1°C to —.021% for 0.9% Si, from +.08% to —.08% 
for 2.2% Si, and from —.03% to —.18% for 4% Si. Each curve showed a 
minimum at 10 kilogausses although the maximum permeability normally 
occurs at 6 to 8 kilogausses. This minimum corresponds to 2 gilberts per cm 
and is sharper the higher the Si content. These results indicate that the tem- 
perature coefficient is more directly related to the induction than to the 
permeability. 


UCH information is available concerning the relation between 

temperature and the magnetic properties of ferro-magnetic 
materials. This is particularly true with reference to permeability. 
In general, however, these published data deal either with a large 
range of temperature or with the properties at fairly high temperatures 
where the thermo-magnetic transformations take place. The available 
information over small ranges in the region of room temperature is 
very meager. 

Burrows! states that permeability at room temperature increases 
with temperature for low inductions and decreases for high. He also 
states that the change in induction for 1°C rise in temperature is 
greatest in the neighborhood of the maximum permeability. 

Sanford? has given the most complete data of which we have knowl- 
edge for the temperature permeability characteristics in this region. 
Tests were made on samples of cast iron, wrought iron and low-carbon 
steel for a temperature range from 3° to 88°C and for magnetizing 
forces up to 200 gilberts per cm. Test results are given for various heat 
treatments. Some samples showed a positive temperature coefficient 
of permeability, some a negative and some a change of sign as the 
induction increased. In one or two cases the sign of the temperature 
coefficient was changed by heat treatment. 


1 C. W. Burrows, Bull. Bureau of Standards, Vol. 4, p. 205 (1907). 
* R. L. Sanford, Bull. Bureau of Standards, Vol. 12, p. 1-10 (1915). 
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No one, apparently, has dealt adequately in the room temperature 
range with the temperature-permeability characteristics of sheet steel 
such as is used in electrical apparatus. These characteristics are of 
importance in connection with theories of magnetism and from a 
practical standpoint in connection with the performance of electrical 
measuring instruments which use ferro-magnetic material in the 
magnetic circuit, such as watt-hour-meters. 

This paper gives some test results which have been obtained on 
commercial electrical sheet for a range of temperatures from —20°C 
to +46°C. Because the values of the temperature coefficients in the 
room temperature range are small and other effects such as incomplete 
demagnetization may produce as large or larger changes of magnetic 
permeability than the temperature changes, great care has to be 
exercised if accurate data are to be obtained. 

Test samples. The samples consisted of punched rings 1# in. (3.44 cm) 
o.d. and 14 in. (3.17 cm) i.d., annealed at about 800°C before testing. 
There were four samples of .9 percent silicon sheet, .0172 in. (.0437 cm) 
thick, four samples of 2.2 percent silicon sheet, .014 in. (.0356 “cm) 
thick, and three samples of 4 percent silicon sheet .014 in. thick. Each 
sample consisted of about 110 grams of rings and each was provided 
with 170 secondary turns and a common primary of 10 turns. Results 
are also included for a 2.2 percent and a 4 percent silicon sample 
consisting of rings 3 in. o.d. and 2 in. i.d. which had been tested pre- 
viously. 

Test methods. The samples were placed in a double kerosene bath, 
the outer part of which was heated by an electrical resistance or cooled 
by means of CO, snow. The magnetic tests were made by a null method 
using a variable mutual inductometer and fluxmeter. The.primary 
current in the inductometer and the current in the primary of the 
samples were reversed simultaneously and the mutual inductometer 
adjusted until the fluxmeter in series with the secondary windings 
showed no residual deflection. For a given temperature the magne- 
tizing force was adjusted to a definite value, and with the aid of a 
transfer switch, the corresponding induction was measured successively 
for each sample. The m.m.f. was then increased and the process 
repeated. For B=10 kilogausses the induction was kept constant and 
the current changed. Samples were carefully demagnetized before 
testing and were put through the cycle many times (100 or more) for 
each m.m.f. before readings were taken. A change of 0.1 percent in 
induction could readily be observed, at least for the higher values. 
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Fig. 1. 0.9% silicon sheet steel. Fig. 2. Electrical sheet steel. 
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Fig. 3. 0.9% silicon sheet steel. Temperature coefficient of magnetic permeability as a 
function of induction, based on the permeability at 20, 


Fig. 4. Electrical sheet steel. Temperature coefficient of magnetic permeability as a 
function of induction, based on the permeability at 20°C. 
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Test results. Fig. 1 shows the permeability values as a function of 
induction for the four .9 percent silicon steel samples. The letters 
refer to different samples. Similar curves, not shown, were obtained for 
the medium and high silicon material. 

Fig. 2 shows the average permeability curves for the three classes 
of material. The medium and high silicon steel curves inelude the 
permeability results for the two larger ring samples. 

The permeability values for a given sample corresponding to a 
definite m.m.f. or induction were measured at temperatures of —20, 
+1, +24.8 and +46°C. The results were plotted against temperature 
and the best straight line drawn. This assumes that the permeability 
changes linearly with temperature between — 20°C and +46°C. Within 
the accuracy of test this was the case. 

The temperature-permeability curves are undoubtedly not straight 
lines but due to inaccuracies in testing and to the comparatively small 
temperature range the departures from straight lines are so uncertain 
that this assumption is probably as reliable as any which could be 
made from the available data. 

From these straight lines the 20° temperature coefficients ago were 
calculated from the formula, 


t= Mo0(1 + ago(t— 20)) (1) 


where uw is the permeability for any temperature ¢ between —20 and 
+46°C, poo is the 20°C permeability. 

Fig. 3 gives the temperature coefficients for the .9 percent silicon 
steel samples plotted against maximum induction. 

Fig. 4 gives the mean temperature coefficient values for the three 
classes of material plotted against maximum induction. The data for 
the large samples are included. 

Fig. 5 gives the same data plotted against maximum magnetizing 
forces. 

Fig. 6 gives the average permeability in percent of the 20°C values 
plotted against temperature for the three classes of material and for a 
maximum induction of 10 kilogausses. Since the maximum negative 
temperature coefficient occurs at about 10 kilogausses, these lines have 
approximately maximum negative slope. For other inductions the 
slopes will be less or in the case of medium and low-silicon steels the 
the slopes will reverse for the lower inductions. 

Discussion of results. It will be seen from Fig. 3 (and this is corrobo- 
rated by data not shown) that the samples for a given grade of material 
all have about the same temperature coefficient characteristics. The 
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large samples show slightly different characteristics, particularly in 
the case of the 4 percent silicon steel. This may be due to the fact 
that the effect of punching alters the temperature coefficients, even 
after annealing. 

The change of sign of the temperature coefficients with induction is 
common to many types of ferro-magnetic materials. The cause is an 
interesting subject for speculation. It might be expected that the 
maximum negative temperature coefficients would occur at the same 
inductions as those at which the maximum permeability occurs or at 
least that the temperature coefficient curves against the flux density 
would show some definite change corresponding to these inductions. 
However, this does not seem to be the case. There seems to be no 
definite relation between permeability and temperature coefficient. 
The maximum negative temperature coefficients correspond quite 
definitely to approximately 10 kilogausses whereas the maximum 
permeabilities occur at about 6 or 7 kilogausses. 

Conclusions. From these data and others not included, the following 
conclusions may be drawn. 

1. Low and medium silicon steels have large positive permeability 
temperature coefficients for low inductions and negative coefficients 
for high (up to 14 kilogausses). Four percent silicon sheet on the 
average has negative coefficients for all inductions (up to 14 kilogausses) 
though individual samples may have small positive coefficients for low 
inductions. 

2. As the silicon content increases, the coefficients tend to move — 
in a negative direction. This may be due to the direct influence of the 
silicon or to an indirect influence of the silicon on the carbon and 
other impurities. 

3. The shape of the temperature coefficient curves seems to be much 
more definitely a function of the induction than of the m.m.f., since 
the maximum negative temperature coefficients correspond very 
definitely to a certain induction but may vary over a considerable 
range of m.m.fs. 

4. There seems to be no definite relation between permeabilities and 
temperature coefficients for the individual samples of a particular 
grade of material and no definite relation between the inductions at 
which maximum permeabilities and maximum temperature coefficients 
occur. , 


WESTINGHOUSE RESEARCH LABORATORY, 
EAsT PITTSBURGH, PA. 
September 10, 1925. 
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THE PROPAGATION OF RADIO WAVES OVER THE EARTH 
By A. Hoyt Taytor ANp E. O. HuLsurt 


ABSTRACT 


Theory of radio wave propagation over the earth.—Larmor’s theory of 
refraction due to the electrons-of the Kennelly-Heaviside layer does not 
explain the “skip distances’ for short radio waves (regions of silence around 
the transmitter which Taylor’s measurements showed to be 175, 400, 700 
and 1300 miles in radius in the daytime for waves of 40, 32, 21 and 16 meters, 
respectively, and which are surrounded by zones of strong signals). The range 
as a function of wave-length shows a minimum for about 200 meters which 
suggests the introduction of a critical frequency term. If the effect of the 
magnetic field of the earth on the motion of the electrons is taken into account, 
as suggested by Appleton and by Nichols and Schelleng, the modification of the 
Larmor theory necessary to fit it to the experimental facts is secured. A quanti- 
tative theory is here developed. The upper atmosphere is assumed to contain 
N free electrons per cc., and neglecting absorption the dispersion equations 
are worked out for various modes of polarization of the radio waves. Then 
the skip distances are computed, making various assumptions as to the electron 
density distribution. (a) Reflection theory. As a first approximation the 
layer is taken to be sharply separated from the un-ionized lower atmosphere. 
At this layer total reflection occurs in accordance with Snell’s law. (b) Refrac- 
tion theory. The following distributions are considered: (1) Density increasing 
linearly with the height h, beginning at a certain height fo; (2) Density pro- 
portional to h?; (3) Density proportional to e*; (4) Density proportional to 
h?. Comparison with the experimental skip distances shows good agreement, 
and indicates that the radio waves which just reach the edge of the zone beyond 
are refracted around a curved path, reaching in the daytime a maximum height 
of from 97 miles (case 1, 49 =21 miles, and case 2) to 149 miles (case 3). At this 
height the electron density comes out close to 105 electrons per ce. At night the 
electron density gradient is less and the height is greater. These conclusions 
agree with physical conceptions from other evidence. From the dispersion equa- 
tions it follows that for waves of 60 to 200 meters, total reflection may occur 
from the electron layers at all angles of incidence. From this result, combined 
with interference between various modes of polarization of the radio rays, a de- 
tailed qualitative explanation of many fading phenomena is presented, Further 
conclusions are: That the ions in the atmosphere have little effect in compari- 
son with the electrons; that for longer waves, the Larmor theory is correct; 
that short waves are propagated long distances by. refraction in the upper 
atmosphere and reflection at the surface of the earth, not by earth-bound 
waves; that waves below 14 meters cannot be efficiently used for long distance 
transmission. 


INTRODUCTION 


: ‘HE conception that upper regions of the atmosphere of the earth 
relatively richer in ions and electrons than the lower levels may 
play an important role in the propagation of radio waves over the 
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earth has become more firmly established with the years. It is the 
purpose of this paper to develop the conception in greater detail than 
perhaps has been done up to this time and to discuss the conclusions 
quantitatively in the light of new experimental observations on the 
transmission of short radio waves over long distances. The first sug- 
gestion! of ionized atmospheric layers in connection with radio waves 
was, as far as we know, published by Kennelly.’ Heaviside? set forth 
similar ideas independently a few months later. We have therefore 
thought it correct to speak of the ionized layer as the “Kennelly- 
Heaviside layer,” although the designation “Heaviside layer” has been 
widely used in the literature of radio. 

Although no complete summary of the researches on electric wave 
propagation will be attempted here, a few of the more important steps 
may be outlined briefly. Our experimental knowledge of the variation 
of the strength of the received signal as the distance from the trans- 
mitting station is increased is due largely to the work on waves longer 
than 500 meters carried out in 1910 and 1913 by the United States 
Navy under the direction-of Austin.4 The results are usually expressed 
by the well-known Austin-Cohen formula, which showed, in particular, 
that the intensity of the received wave fell off faster than the distance 
from the source than would be required by a simple inverse square law. 
The mathematical researches of Nicholson,’ Love,® and Van der Pol,’ 
Macdonald,’ Watson,® and others have led to the conclusion that a 
simple theory of diffraction of the waves around an earth of finite, or 
infinite, conductivity immersed in a limitless dielectric yielded an in- 
tensity decrement factor very much greater than the experimental 
factor of the Austin-Cohen formula. In order to obtain agreement with 
observations the presence of converging waves was necessary, which 
meant that a portion, at least, of the waves must be reflected or re- 
fracted downward from the ionized upper reaches of the atmosphere. — 
This was in strong support of the Kennelly-Heaviside conception which 
just at that time had been given a more definite formulation by 


1 See L. Bouthillon, L’Onde Electrique 2,049 (1923 

* Kennelly, Electrical World and Engineer, p. 473 (March 15, 1902). 

3 Heaviside, Encylopedia Britannica, Tenth Edition, Ninth Volume (No. XX XIII), 
p. 215 (December 19, 1902). 

‘ Austin, Bull. Bur. Stand., 7, 317 (1911). 

5 Nicholson, Phil. Mag. 22, 157 (1910); 21, 62 (1911). 

6 Love, Phil. Trans. Roy Soc. A, 215, 105. 

7 Van der Pol, Phil. Mag. 38, 365 (1919). 

§ Macdonald, Proc. Roy. Soc. 71A, 251 (1903). 

® Watson, Proc. Roy. Soc. 95A, 546 (1919). 
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Eccles.1° Eccles assumed an upper layer so intensely ionized as to reflect 
the rays without penetration, combined with an ionization of the middle 
atmosphere which bent them, and in his treatment dealt only with the 
motions of the heavy ions. It has remained for Larmor! in an in- 
teresting paper of accustomed clarity, to sketch a theory of refraction 
due largely to the free electrons. These were shown to be of such long 
free path as to exert a negligible absorption on the waves passing 
through them. Being lighter than the ions of Eccles only comparatively 
few electrons were necessary to produce sufficient bending of the rays. 

At the end of the year 1924 it appeared that a reasonable and ade- 
quate theory of radio wave propagation had been rounded out, as yet 
qualitative to be sure, but requiring only obvious measurements to 
be placed on a quantitative basis. At this satisfactory stage, as has 
often happened before, new phenomena made their appearance which 
the theory was unable to cope with. Larmor’s equations gave a re- 


fraction which decreased with the wave-length becoming small for 


waves below 60 meters, whereas the work of Reinartz” and Taylor® 
on the “skip distance” for waves below 60 meters immediately indicated 
a stronger refraction than for the long waves. Fortunately, at this 
time Appleton“ pointed out that the free electrons would move in 
spiral paths at a specified frequency because of the magnetic field of 
the earth, and that perhaps peculiar effects would occur for waves near 
this frequency. This meant of course the introduction of a critical 
frequency term into the refraction equation, which produced exactly 
the modification required, i. e., it left Larmor’s equations (which had 
neglected the magnetic field of the earth) approximately unchanged 
in the region of longer waves and brought the theory into agreement 
with the short wave data. It may be mentioned that we had already 
independently introduced a critical frequency term into the classical 
dispersion formula used by Larmor, basing the idea on the curve of 
Fig. 2, without however troubling as to the physical cause of the term. 
From Appleton’s suggestion it was immediately possible to apply the 
classical formulas of magneto-optics to the Kennelly-Heaviside layer. 
While this was in progress the paper of Nichols and Schelleng” ap- 
peared in which similar ideas, again of independent origin, were taken 
up. However, this paper and theirs do not cover the same ground, for 

M Eccles, Proc. Roy. Soc. 87A, 79 (1912). 

"Larmor, Phil. Mag. 48, 1025 (December, 1924). 

® Reinartz, “‘QST” 9, 9 (April, 1925). 

18 Taylor, Proc. Inst. Radio Eng. 13, 677 (December, 1925). 


si Appleton, Proc. Phys. Soc. London 37, Part 2, p. 22D (February, 1925). 
16 Nichols and Schelleng, Bell System Techn. J. 4, 215 (April, 1925). 


192 ‘A. HOYT TAYLOR AND E. O. HULBURT 


in their paper no quantitative applications of the formulas to observa- 
tions were made. The publication of this paper™ has been delayed until 
the results of the observations on the secondary skip distances were 
available. 


DATA FROM TAYLOR’S RANGE CHART : 


The observational data of interest in the present development are 
to be found in Taylor’s Range Chart,!* which presents in graphical 
form a summary of a large number of experimental observations on 
the transmission of radio waves of wave-lengths from 16 to 3000 meters 
over distances up to 10,000 miles. The experiments have been carried 
out during recent years by the Radio Division of this laboratory with 
the assistance of the American Radio Relay League and their co- 
workers in the foreign countries. On the chart, which is not reproduced 
here, are plotted the relative ranges of transmission of the various 
wave-lengths, as far as they have been investigated, reduced to a 
uniform condition, namely, 5 kilowatts in a normal transmitting an- 
tenna. The average ranges for day and night and for summer and winter 
are included. 

From the chart certain new facts regarding the behavior of the short 
waves stand out. It has been found that for wave-lengths shorter than 
50 meters the intensity of the received signal decreased as the distance 
from the transmitter was increased, reaching a value too small to be 
observed at a distance of a hundred miles or so. With further increase 
of distance the received signal remained undetectable until a region 
was reached where the received signal became strong again, rising 
rapidly to a maximum and thereafter decreasing rather slowly. The 
distance from the transmitter to the far edge of the region of silence, 
which we may call the “skip distance,” was found to increase rapidly 
as the wave-length decreased ; for a specified wave-length it was longer 
at night than in the day and longer in winter than in summer. The 
skip zone was not very sharply defined of course, but passed into the 
region of steady signals through a transition zone, sometimes called 
the “flicker” zone, where the signals were erratic and subject to violent 
fading. It may be emphasized that the skip zone was not merely a 
zone of uncertain signal reception, but a region where the signals were 
entirely absent for the most part; a conservative estimate would be 
that the intensity of the signal at a point three fourths of the distance 
out into the skip zone was at least 10-4 of the intensity of the signal 


* A preliminary abstract of the present paper appeared in Scierice, p. 183 (August 12, 
1925), 
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zone beyond. The skip distances, denoted by 2s, averaged throughout 
a year, for full daylight conditions, for wave-lengths 16, 21, 32 and 40 
meters were 1300, 700, 400 and 175 miles, respectively. These are 
plotted as rectangles in Fig. 1. The values naturally can not claim 
great accuracy and may perhaps be in error by as much as a hundred 
miles. The skip distances at night are not yet known with precision. 
This is due perhaps to an insufficiency of data, but more probably to 
the fact that conditions at night are so erratic that even more extended 
observations would fix the distances only within wide limits. Present 
information indicates, however, that the night skip distances are on a 
rough average three or four times the corresponding day values. 
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Fig. 1. The skip distances averaged throughout a year, for full daylight conditions, 
as a function of wave-length. 


We regard these skip distance phenomena as demonstrating forcibly 
that two portions of the transmitted wave may be differentiated, one which 
clings to the earth and decreases rapidly in intensity until it 1s lost, and 
the other which moves in an upward direction and returns to the earth 
after refraction, with little attenuation in the Kennelly-Heaviside layer. 

In Fig. 2 are plotted the ranges, under full daylight conditions, 
averaged throughout a year for uniform transmitting conditions, i. e. 
5 kilowatts in a normal transmitting antenna, against the corresponding 
wave-lengths. Although the physical basis of the curve is essentially 
composite, for each wave-length may be propagated in a characteristic 


194 A, HOYT TAYLOR AND E. 0. HULBURE 


manner, the pronounced minimum in the curve at about 200 meters is 
taken to suggest a critical region of dispersion or of absorption. The 
agreement of the position of the minimum with the calculated critical 
wave-length 214 meters (§6) gives reality to this suggestion. 


DISPERSION EQUATIONS OF A MAGNETIZED ELECTRON GAS 


3. It is assumed that the regions of the Kennelly-Heaviside layer 
owe in the main their optical properties to the presence of the free 
electrons, and in the equations the influence of the magnetic field of 
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Fig. 2. The ranges, under full daylight conditions, averaged throughout a year, for 
uniform transmitting conditions, as a function of wave-length. 


the earth is taken into account. We follow the classical electron theory 
of Lorentz,'* and in application to the present problem we assume no 
restoring force on the electrons due to the medium, no absorption, and 
no effect of the electrons on each other; this amounts to placing a, 
f and g equal to zero in equations (198) (see Lorentz, loc. cit.,!6 p. 139). 
Let € and E, be the X components of the displacement of the electron 
from its equilibrium position and the electric force, respectively, and 
n, §, H, and E, the Y and Z components of the quantities. The charge 
on the electron is denoted by e, its mass by m; N is the number of 


*© H. A. Lorentz, ‘“‘The Theory of Electrons,” Chapter IV (1916). 
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electrons per unit volume. The magnetic permeability of the medium 
is taken to be unity. All quantities are expressed in c.g.s., e.m. units. 

4. Propagation parallel to the magnetic field. This case will apply 
approximately to North and South propagation. We denote the mag- 
netic field by H and suppose it to have the direction of the axis of Z, 
which is also the direction of the propagation of the radiation. We take 
the radiation to be initially plane polarized. In Newtonian notation 
the equations of motion of the electrons are 


mt=cE,+Hen, 
mn=eE,—Heé , (1) 
mt =cE, ; 


Let e be the base of natural logarithms, and let all dependent variables 
of (1) contain the time only in the factor e*!¢/s where c/) is the fre- 
quency, c is the velocity of light in vacuum, and i is ¥—1. The solu- 
tion of (1) yields two vibrations circularly polarized in opposite direc- 
tions, whose refractive indices u are given by the relations 


nig Ci! (2) 
Be” 
ie Cx (3) 
UN cect Noes mma ae 
where 1+X/Xo 
C=Ne?/rm and y=2rcm/He . (4) 


The details of this solution are here omitted for they are essentially 
the same as those given by Lorentz. If the refraction is not great or the 
distance of propagation is small the wave remains coherent and the 
two circularly polarized components add to give in general an elliptic- 
ally polarized wave. For equal intensities of the two components the 
resultant wave is plane polarized with the plane of polarization rotated 
from its original direction. If the two components are separated, by 
greater refraction or distance, each will proceed as a circularly polarized 
wave. 

5. Propagation perpendicular to the magnetic field. In this case, which 
will refer approximately to East and West propagation, the initially 
plane-polarized wave is resolved in general into two component vibra- 
tions with electric vectors parallel and perpendicular to H, respectively. 
The solutions of the appropriate equations of motion of the electron 
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yield refractive indices yu for the parallel and perpendicular cases, 


respectively, ji 
w= Ne ENN ) (5) 


w= i 5 MEO : (6) 
1—d?/d0?(1 — Cr?) 

If the wave remains coherent the two plane vibrations unite to produce 
in general an elliptically polarized wave, but if the two components 
are separated, each will proceed as a plane polarized wave. Eq. (5) of 
course represents the propagation in the absence of a magnetic field 
as discussed by Larmor. It may be mentioned in passing, although no 
use is made of the fact here, that for the plane polarized wave com- 
ponent of formula (6) the electrons describe ellipses whose planes are 
parallel to the direction of propagation of the wave and perpendicular 
to H. From one point of view these vibrations can not be said to be 
transversal. This peculiar instance was recognized long ago by Voigt. 
The case may be compared with the motion of the particles on the 
surface of deep sea waves on water. 

6. In the general case of propagation at an angle with the magnetic 
field all four of the modes of vibration just discussed may occur in 
greater or less proportion, with the result that the wave, if coherent, 
will become elliptically polarized, the orientation of the axes and the 
eccentricity of the ellipse changing as the wave proceeds. If the re- 
fraction or distance of propagation is sufficiently great the various 
components may be separated from each other. 

Taking the value of H for the earth’s magnetic field to be 0.5 gauss, 
Ao from (4) comes out to be 214 meters. This is the value calculated by 
Nichols and Schelleng (loc. cit.) and is the value used for Xo throughout 
this paper. The minimum at about 200 meters of the curve of Fig. 2 
agrees Closely with ko) = 214 meters. This is regarded as an experimental 
confirmation, indirect of course, of the theoretical calculation. 

To bring out the characters of the various dispersion formulas the 
curves 2, 3, 5 and 6 have been plotted in Fig. 3 from Eqs. (2), (3), 
(S) and (6) respectively, choosing N=3.95X10* electrons perce 
In the region of wave-lengths less than 50 meters the curves do not 
differ greatly. With increase in } all the curves of Fig. 3 descend to 
zero and uw becomes imaginary, remaining so for the longer waves in 
the case of curves 3 and 5. For curves 2 and 6 p remains imaginary 


until wave-lengths \y and \)V1—C2? are reached, respectively. At 


these wave-lengths, called the “critical” wave-lengths, p is V+ and 
as \ 1s increased beyond them yp descends from high positive values 
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finally to low values again. As a matter of fact the critical wave-length 


AoV1— Cr appears to be of no physical importance, for, due to the 
presence of C in this expression, no wave can reach the region of electron 
density where this critical condition for the wave prevails. 

7. Absorption in the Kennelly-Heaviside layer. Among various 
possible causes of absorption of energy from the electromagnetic wave 
by the upper reaches of the atmosphere the most important would seem 
to arise from collisions between electrons and molecules. This would 
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Fig. 3. Refractive indices of the Kennelly-Heaviside layer as a function of wave- 
length for rays in and perpendicular to the direction of the earth’s magnetic field (Eqs. 


(2), (3), (5), (6) ). 


convert a portion of the energy of the wave into heat. Simple calcula- 
tions, such as given by Larmor and by Nichols and Schelleng, indicate 
that the probability of collision is small, so that absorption due to this 
cause is negligible, except in the region near the critical wave-length Xo 
and for very long waves outside of the usual radio range, which have a 
very slow oscillation. In lower regions of the atmosphere, where the 
density of molecules is greater, absorption due to collision might exist 
even for shorter waves. If we assume that this type of absorption can be 
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expressed as a frictional term in the equations of motion of the electron, 
which is no doubt permissible within limits, the dispersion formulas 
are all available in treatises on magneto-optics. For small absorption 
these differ from Eqs. (2), (3), (5) and (6) by wholly inappreciable 
amounts for wave-lengths removed by, say, 30 meters from A)= 214 
meters. Near to this critical region the absorption term produces com- 
plex modifications, which have been discussed by Nichols and Schelleng. 
It is, however, justifiable to neglect absorption as long as the critical 
region is avoided; and we have been content to avoid this region 
because of its complexity and because the observations on these wave- 
lengths are mainly qualitative. 

For a wave traveling near the earth the matter of absorption is quite 
different. This has been discussed. by Zenneck,!” Sommerfeld and 
others who showed that the earth absorption may become very high 
for the shorter waves. The successful radio transmission to distances 
as great as half-way around the earth with waves below 90 meters proves 
that the attenuation is small, no matter to what cause it is attributed, 
and this combined with the pronounced earth absorption for the 
shorter waves leads forcibly to the conclusion that the waves must 
travel in the upper atmosphere and that the absorption in these regions 
is slight. 


REFLECTION THEORY 


8. It is assumed that the lower levels of the atmosphere of the earth 
are relatively free from electrons and that the lower surface of the 
Kennelley-Heaviside layer, the region of relatively great electron 
density, is sharply marked. A radio ray transmitted in an upward 
direction would travel in a straight line and after reflection from the 
layer would return in a straight line to the earth. Actually, of course, 
the optical constants of the lower atmosphere merge without disconti- 
nuity into those of the electronic regions, so that a ray instead of 
being sharply reflected is refracted along a curved path. As often 
happens in: theoretical physics, we consider first the simple case of 
sharp reflection and then pass to a refraction theory which is probably 
more in accord with the real state of things. Moreover, many of the 
conclusions of the reflection theory are found to be unchanged for the 
refraction theory. 

We take the lower boundary of the layer, represented by AE in 
Fig. 4, to be a spherical surface parallel to the surface of the earth and 
at a height h above the earth. The radius of the earth is R. Let CAF 


'T Zenneck, ‘Wireless Telegraphy,” 3rd Ed., p. 248 (1915). 
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be the path of a radio ray transmitted from C which is reflected from A 
at an angle ¢ and let the length of the arc CF be 2s; s subtends the 
angle @ at the center of the earth. Jt is now assumed that when 2s is 
the observed skip distance for a specified wave-length ¢ is the critical, or 
Snell, angle of total reflection of the wave from the layer. Since the re- 
fractive index of the atmosphere below the layer is unity this assump- 
tion of course involves the condition that the refractive index of the 
layer is less than unity for those wave-lengths for which a skip distance 
exists. Otherwise a critical angle of total internal reflection would be 
impossible and no skip zone would exist. If uw is the refractive index 
of the Kennelly-Heaviside layer, then from Snell’s Law, 


M=sing. (7) 


Fig. 4. Reflection from the Kennelly-Heaviside layer. 


From the geometry of Fig. 4, 
sin ¢=CB/AC=R sin 0/{ R? sin? 6+ (R+h—R cos g)2tw2 (8) 
and s=R6. 


The discussion is limited for the moment to the special case of dis- 
persion represented by Eq. (2). When this equation was combined with 
(7) and (8) to eliminate ¢ and @ there resulted a relation between the 
unknown quantities and C, the known constants R and Xo, and the 
observed quantities \ and s. The substitution of the observed skip 
distances 2s for wave-lengths 16 and 40 meters into this relation yielded 
two equations in h and C. Eliminating C from these led to a quartic 
equation in h, which determined h and thence C. with these values of 
h and C, with R=3970 miles and with \)=214 meters the 2s,\ curve 
was plotted and readjusted to approximate a least square solution. 
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The final 2s,\ curve is shown in Fig. 1, and the values of h and C 
corresponding to this curve were 152 miles and 3.54 X 107%, respectively. 
With this value of C in (4) together with the usual values of the elec- 
tronic mass and charge, V came out to be 3.95X10°. The agreement 
between the theoretical curve and the observed values in Fig. 1 is 
regarded as a confirmation of the correctness of the theory. Further, 
the values of h and N which have emerged appear reasonable. h is well 
within the aurora domain which, according to Stormer!® is between 
50 and 300 miles above the earth. In this region where the pressure 
may be of the order of 10-* atmospheres a simple calculation indicated 
that an electronic density of the order of 10° per cc. is easily possible, 
the electrons supposedly being caused mainly by the ultraviolet light 
of the sun. The values for N and h appeared to be quite definitely 
established as far as the present theory and calculations were concerned, 
for a variation in them of as little as 20 percent gave rise to discrepancies 
between the calculated and observed skip distances. Further, NV and h 
did not depend at all critically on the value chosen for Xo, changing, 
for example, by only a few percent when Xo was varied from 120 to 
300 meters. The reason for this lay in the nature of the dispersion 
equation (2), and the fact that the wave-lengths below 60 meters were 
remote from the critical wave-length Ao. It would therefore appear that 
N and h and the refraction of the rays are little influenced by time or 
space variations in the earth’s magnetic field. 

9. The dispersion curve, p against \, plotted from Eq. (2) with Xo= 
214 meters and V=3.95 X10}, is shown by curve 2, Fig. 3. The Snell 
angles ¢ calculated by means of (7) for wave-lengths 16, 21, 26, 32 and 
40 meters were 71.8, 65.2, 58.4, 49.2 and 33.4 degrees, respectively. 
The angles which the direction of the down-coming wave at the edge 
of the skip zone makes with the vertical are for the respective wave- 
lengths 79.5, 70.6, 62.1, 51.8 and 34.8 degrees. These were calculated 
from the relation Y= ¢+6 (see Fig. 4). An experimental determination 
of these angles would offer direct evidence concerning the present 
theory. In such experiments complicating effects of the ground at the 
receiving station should be avoided or recognized. 

Since h is roughly proportional to s, the fact that the night skip 
distances are about three times the day values indicates that h at 
night is three times the day value. The angles w will be greater at 
night than in the day by amounts corresponding to the change in 0. 

10. Because of the bulge of the earth and the curvature of the layer, 
the curve of Fig. 1 ceased to exist at wave-length 14 meters. The 


'* Stormer, Proc. Phys. Soc. London, 37, part 2, 50 D (1925). 
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Snell angles for wave-lengths shorter than this being so nearly 90° that 
even rays transmitted horizontally from the surface of the earth could 
not be totally reflected from the layer. Since it appears that the over- 
head reflected (or refracted) wave and not the ground wave is all- 
important in long-distance short wave radio transmission, the present 
theory indicates that communication over long distances by means of 
wave-lengths less than 14 meters will be relatively difficult. This is due to 
the mechanism of the propagation entirely apart from the inherent 
technical difficulties in the apparatus for producing these very short 
waves with appreciable intensity. The few experiments which have 
been made in this region support this conclusion ; for example, no long 
distances have been reached in the case of tests with 5 meter waves. 
It is hardly necessary to remark that due to unusual ultra-atmospheric 
conditions, etc., long distance communication with very short waves 
may be successful at times. Such cases should prove to be the ex- 
ception rather than the rule. 

11. The foregoing calculations have been based on dispersion equa- 
tion (2) which refers to one of the circularly polarized waves arising 
from propagation along the magnetic field. They are, furthermore, 
valid and accurate, within limits, for the general case of propagation 
of a wave with electric vector at a random and changing angle to the 
magnetic field, because the general case differs but slightly from the 
special case in the region of wave-lengths below 40 meters. This is 
evident when the yw,A curves for the various dispersion equations, 
Eqs. (2), (3), (5) and (6), are compared. These are plotted in Fig. 3, 
curves 2, 3, 5, and 6 respectively, using the constants \y»)=214 meters 
and N=3.95X10° or C=3.54x10-8. For wave-lengths below 40 
meters the refractive indices for the various curves are closely the same, 
and hence the Snell angles and the skip distances are approximately 
the same. In this connection curve 3 may be disregarded for it refers 
to one of the component waves of propagation parallel to the magnetic 
field and wherever this exists the other component represented by 
curve 2 also must exist. The skip distances from curve 2 are all less 
than those from curve 3 and are therefore the ones which would be 
observed. The cases of propagation which differ most widely are, then, 
those represented by curves 2 and 5. These yield skip distances which 
differ by about 60 miles, those from curve 5 being the greater. If 
Eq. (5) instead of (2) had been used # and N would have come out 
roughly 10 percent different from the values for (2). Therefore the 
values of h and N, which have been determined from curve 2, may be 
considered to be sufficiently accurate for the general case, which lies 
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somewhere between the conditions of the curves 2 and 5; especially 
so, since the values can only be looked upon as rough averages of quanti- 
ties which probably vary each moment of the day throughout the year. 
It follows at once from the approximate sameness of curves 5 and 6 
which refer roughly to East and West propagation, and of curve 2, 
which refers to North and South propagation, that the skip distances 
do not vary appreciably with the compass direction of propagation. 
This is in accord with the experimental observations. 

In the band of wave-lengths between 50 and 60 meters the curves 
of Fig. 3 suggest an appreciable variation in skip distance with the mode 
of propagation. For example, if the conditions of curve 3 obtained, we 
might expect a skip distance of 120 miles for a 50 meter wave, whereas 
under the conditions of curve 2 no skip distance would exist. There is 
some evidence that this effect exists although the observations are none 
too certain because of the ground wave which may fill in the skip region. 
However, there is noticed at times an unusual flickering in the intensity 
of signals in this region which farther away are stronger and steadier. 

12. Up to this point we have mentioned only the contribution of the 
electrons to the dispersion in the upper atmosphere, and we may now 
show that the more massive ions have little influence. In the dispersion 
formulas (2), (3), (5) and (6) the effect of the ions on uw may be calculated 
to a first approximation by adding another term (or terms, there being a 
term for each type of ion) similar to the last term of each equation, using 
the mass of the ion instead of the electron, which for, say, a nitrogen 
ion is 10* greater. The quantity C= Ne?/xm in the numerator of the 
ionic term is then 10~‘ of the corresponding quantity for the electronic 
term for the same density of ions and electrons, the denominators being 
approximately the same for short waves. Therefore the ionic term will 
be negligibly small compared to the electronic term, except for very 
long waves outside of the usual radio range unless there are at least 
10° as many ions as electrons. Such a preponderance of ions is hardly 
to be expected in general. In view of this and of the good agreement of 
the theory with the observations, as indicated in Fig. 1, the conclusion 
may be emphasized that the reflection (or refraction) of radio waves in the 
layer 1s caused in general by the electrons and not by the more massive ions. 
This may be regarded as a definite proof of the presence of considerable 
numbers of electrons in the upper atmosphere of the earth. 


REFRACTION THEORY 


13. The physical conditions in the upper atmosphere are scarcely 
such as to render tenable a theory of reflection, for the transition from 
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the low electron density of the lower atmosphere to the higher con- 
centration of electrons in the Kenneily-Heaviside layer must be gradual 
and not abrupt. We therefore pass to a theory of refraction as offering 
a more exact picture of actual conditions, with the preliminary remark 
that the results of the refraction theory are for the most part identical 
with those of the reflection theory. This is to be expected since reflec- 
tion is only a special case of refraction. We must now call attention 
to a circumstance which throws further doubt on a reflection theory 
and which supports a refraction theory. If we suppose, as has been 
done, that the edge of the skip zone marks the Snell angle of total 
reflection then, as we pass into the skip zone to points where reflection 
occurs at angles less than the critical angle, the reflected intensity will 
become less, but will not drop to zero, and in the case of rather oblique 
incidence, as with the 16 meter wave, the reflected intensity may be 
decreased by only a few percent. It would therefore follow that the 
intensity of the signals would drop off very slowly as the skip zone was 
entered never reaching low values except at nearly normal incidence, 
and even there not zero. It is well known, on the contrary, that the 
signal intensity at, say, a distance of one fourth of the way in from the 
outer edge of the skip zone, is less than 10~* of the intensity in the 
region beyond the skip zone. This discrepancy in the case of the 
reflection theory does not occur for the refraction theory. 

The calculations become much simpler if we consider the case of a 
flat earth instead of the curved earth discussed heretofore. For a flat 
earth Eq. (8) of the reflection theory becomes 

s=h tan ¢ (9) 
which is of course a close approximation to (8) for short distances, up 
to 1000 miles. It will be shown later, however, that entirely apart from 
this approximation, the flat earth calculation can be referred to a curved 
earth with exactness. 

The elaboration of a refraction theory requires the determination of 
the ray-paths of the wave, and these may not be determined explicitly 
without a knowledge of the variation of the optical constants of the 
atmosphere with the distance above the earth. The method of pro- 
cedure has thereupon consisted in assuming a number of types of this 
variation and in investigating the results of these assumptions. 

14. It is assumed that the surface of the earth is flat and that the 
refractive index pu of the region lying above the earth is a function of 
y and not of x, where Y and X are the coordinate axes in the vertical 
and horizontal directions, respectively. u is assumed finite, single-valued 
and continuous for a specified wave throughout the region. Let ABC, 
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Fig. 5, be the ray which is projected from a point A on the surface of 
the earth at an angle ¢ with the vertical let uo be the refractive index 
of the atmosphere at A. Let adjacent elements on either side of a 
point B on the curve make angles 7 and 2+ dz with the vertical, and let 
the refractive indices at these elements be uw and w+du, resp eas 
Then, from Snell’s Law 
(u+du)/u = (sin z)/sin(¢+dz). 

Whence 

p=a/sint, 
where a is a constant of integration. From the initial conditions wu =po, 
1=d, we obtain 

a=posin (10) 
and E 

w= (uosin $)/siné (11) 


Fig. 5. Refraction of a radio ray in an electron atmosphere of variable density. 


This is Snell’s Law generalized for the present problem. Since (11) 
must be satisfied at every point of the ray-path, the differential equation 
of the path is , 7 
dy/dx = —coti= — V (u?—a?)/a? (12) 
where p=f(y) and a is independent of x and y. This may not be inte- 
grated explicitly and therefore the equation of the ray-path can not 
be determined, unless 4=f(y) is known. In order to proceed farther 
various assumptions as to f(y) are made and investigated in the follow- 
ing paragraphs. 

15. Case 1. Electron density proportional to height. It is assumed that 
the electron density sets in at the surface of the earth and increases 
proportionally with the height above the earth. We write 

N=By (13) 
where N is the electron density at a point y cm above the surface of the 
earth. Then, from (3) for each of the dispersion formulas (2),.(3); saan 
and (6), 

we=l—yy (14) 
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where y is determined by identifying (14) with each dispersion formula 
in turn. At the surface of the earth y=0 and from (14) w=1. Therefore, 
from (10) 
a=sin ¢. OLS.) 

Introducing (14) into (12) and integrating gives for the equation of 
the ray-path, 

x? = {4a?(1—a2—-yy)}/y?2. (16) 
This is a parabola. The constant of integration has been eliminated by 
a shift of the curve along the X axis. The maximum height h above 
the earth reached by the ray is 


h=(1—a?)/y. (17) 


The ray comes down to the earth again at a distance 2x» from its 
starting point, where 


vo=2aV1—a2/y . (18) 


Fig. 6. Refraction of radio rays transmitted from A at varying angles through an 
electronic atmosphere whose density is proportional to the height. 


Combining (18) with (15) and (17) leads to 
xy=2h tan? . (19) 


The ray-paths plotted from (16) for a specified wave transmitted from 
A, Fig. 6, at increasing angles ¢ are illustrated by. curves a, 0, and ¢, 
Fig. 6. It is seen that as ¢ increases h decreases and 2x9 increases. 
We may now identify AB, the distance between the feet of curve a, as the 
skip distance for the wave in question. This means that any other ray 
such as d, whose angle of projection ¢ is less than that of ray a, will 
not return to the earth between points A and B; it may possibly return 
at some distant point or perhaps not at all. It follows, therefore, that 
the law of electron distribution given by (13) ceases to hold above the 
summit of curve a. Just what will be the law above / is of course 
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unknown, but this much can be said, that the electron density must 
increase less rapidly above h than it did below h. Therefore the “height 
of the Kennelly-Heaviside layer” means merely the distance above the 
earth to the region where the rate of increase tn the electron density with 
the height becomes less. And because of tts physical appeal, in spite of 
other mathematical possibilities, we take this region to be the region of 
maximum electron density. ; 

According to the supposition just made that AB of curve a, Fig. 6, 
be the skip distance for the wave, formula (19) becomes 


s=2h tan ¢. (20) 


We might now introduce the observed skip distances into (20) and 
from the relation w=sing at the height # and one of the dispersion 
equations determine / and J, just as was done in the case of reflection. 
It is not necessary to do this, however, because of the similarity of 
(20) and (9). It is seen that these formulas, which refer to a flat earth, 
are the same except that h of (20) is one-half h of (9). We may therefore 
conclude that if the skip distance refraction formula for a curved earth 
corresponding to (20) had been developed, it would be nearly the same 
as (8) which is the reflection formula for a curved earth corresponding 
to (9). This is true because only matters of geometry enter into the 
transformation from a curved to a flat earth. We may finally conclude 
that all the numerical facts of this refraction case are exactly the same as 
those which have been derived from the reflection theory, except that h is 
one-half the h of the reflection theory. h is now 76 miles, but JN, the cal- 
culated 2s,\ curve, the angles at which the rays at the edge of the skip 
zone descend to the earth, etc., are as before. ; 

We may now emphasize the contention stated in $13, which pointed 
out that within the skip zone the intensity of the received signal is 
known to be 10~ or less of the intensity in the surrounding signal zone. 
The refraction theory is in accord with this, for referring to Fig. 6, 
there is no ray-path possible which connects the transmitter A with a 
receiver inside the skip zone. 

16. Case Ia. The assumption of (13) and the result that for y=76 
miles NV = 3.95 X 10° electrons per cc is scarcely possible, for this would 
mean that at a height one mile above the earth there are 5X 10° 
electrons per cc which is probably too large a number in general. If 
we then suppose that there are no electrons in the lower atmosphere 
up to a height fo and that the linear density law (13) sets in thereafter, 
it is easily seen that the ray-paths are straight lines in the region fo, 
changing to arcs of parabolas in the region above ho and finally be- 
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coming straight lines again.when the ray returns to levels below ho. 
The skip distance formula corresponding to (20) is in this case 


S=(Ao+2h’) tan ¢ - (21) 


h’+ho is the height of the summit of the ray above the earth, which is 
the height of the Heaviside layer. As ho increases from 0 to 76 miles, 
h’+-ho increases from 76 to 152 miles, and we pass from the electron 
distribution of (13) to the case of abrupt reflection. Because of the 
similarity of (21) and (20) all that has been said of the applicability 
of the reflection theory results to Case 1 applies equally well to the 
present case of refraction. 

17. Case 2. Electron density proportional to square of height. In the 
notation of Case 1, it is assumed that 


N=6y’?. (22) 


Proceeding exactly as in Case 1, the equation of the ray path is 


y= (V1 a? /V/'7) sin (eV /a) , (23) 
which is a sine curve. The skip distance formula is 
s=(rh/2) tan ¢, (24) 


and the height # comes out to be 97 miles. 
18. Case 3. Electron density proportional to exp. (height). It is as- 
sumed that 
N= Be (25) 


and proceeding as before the equation of the ray-path is 


a 2(1— a®) —yev-+2V/(1— a*)(1— yer— a) 
+= loge] SUEDE EET aa (26) 
/1— a? yew 
The skip distance formula is 
s=(tan ¢) log. { 2et— 14+2v/(e—1)et, (27) 


from which h is 149 miles. This is a special case of an exponential dis- 
tribution, but possesses all the essential features of a more general type 
which would be described by N = e’’, where 6 is a constant. 

Since the skip distance formulas (24) and (27) are similar to (9), 
the reflection theory results also apply to these cases, the height of the 
Heaviside layer being different, of course. Furthermore, corollary 
cases similar to Case 1a when carried out for Cases 2 and 3 gave results 
exactly similar to those of Case 1a. This is so evident that the details 
are omitted. 
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19. Case 4. Electron density proportional to square root of the here 
From the assumption that 


N=fpy'? (28) 


the equation of the ray-path is 


x= (4a/y*)/1—yy? {1+207/3+(1—yy)/3}. = (29) 
The skip distance formula is 
s=(8/3)h tan ¢ - (3/ cos? @—1) . (30) 


It was found impossible to choose constants for the dispersion formulas 
such that (30) be in accord with the observed skip distances. Similar 
discrepancies with observation resulted from the assumption that 
N=py sand N=py*: 

20. Case 4a. In this instance we modify Case 4, just as was done 
in Case 1a, and assume that no electrons exist below a height ho and 
that the electron distribution of Case 4 begins there. The skip distance 
formula becomes 


s=hy tan 6+(8/3)h’ tan @ - (3/cos? @—1) . (31) 


It was found that this formula was at variance with the observed 
skip distances as long as the second term was important, which oc- 
curred when fy was small. As ho becomes larger the second term 
becomes of less effect, and we appoach the sharp reflection case and 
better agreement with observation. 

21. In taking up the refraction cases 1, 2, and 3 in turn we have 
passed from an electron distribution linear with the height progressively 
to electron distributions for which the NV, y curve becomes more and more 
convex to the Y axis, approaching the distribution for sharp reflection, 
and have arrived at heights of the Heaviside layer which became in 
turn nearer to 152 miles. All these have yielded the same \,2s curve 
in agreement with observation, i. e., the curve of Fig. 1, and therefore 
all are equally possible as far as this agreement is concerned. On the 
other hand, it has been shown in Case 4 that an electron distribution 
for which the NV,y curve is concave to the Y axis led to pronounced dis- 
crepancies with the observed skip distances. This is all in comforting 
agreement with reasonable expectation. On general physical grounds 
one would expect an electron distribution whose rate of increase became 
greater with the height, whereas it is difficult to imagine the stable 
existence of a distribution whose rate of increase became less with the 
height. The conclusion to be derived is that the electron density N, 
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during full daylight and averaged over all the days of the year, of the 
atmosphere of the earth increases with the height y in such a way that the 
N,y curve 1s for the most part convex to the Y axis, and that N reaches 
a maximum value of the order 10° for a height which is between 70 and 
150 miles. 

Again, the increase of the skip distance at night which indicates an 
increase in / is to be expected. For, with the removal of the sun’s 
radiation, (electromagnetic, electronic, etc.), which is probably the 
most potent cause of ionization in the atmosphere, recombination of 
the ions and electrons will occur. The electron density therefore be- 
comes less and the radio rays must search higher altitudes before being 
turned back to the earth. 

22. Certain details of the dispersion equations (2), (3), (5) and (6) 
are of interest. From all the equations at any wave-length less than 
Xo = 214 meters, u decreases to zero and becomes imaginary as N (or C) 
increases. This means that a ray of this wave-length directed normally 
upwards passes through regions of decreasing uw (and hence moves with 
increasing velocity) until it reaches that electron concentration for 
which p = 0 and there is totally reflected (or refracted) back to the earth. 
Therefore wave-lengths from about 60 to 200 meters will be totally re- 
flected from the layer at all angles of incidence. The different component 
modes of polarization will penetrate to different heights. For waves 
shorter than 50 meters, NV can not become large enough to make pu 
imaginary, since the calculations fix the maximum value of WN as 10°, 
and hence these rays are not totally reflected at normal incidence, but 
at a greater angle; this of course is the essence of the fore-going skip 
distance theory. 

For waves longer than 214 meters, u decreases to zero and thence to 
imaginary values with increase of N in the cases of equations (3), 
(5) and (6). From Eq. (2) however, u is always positive for these waves 
and increases from 1 as N grows larger. Therefore for waves longer 
than 214 meters the modes of polarization corresponding to equations (3) 
(5) and (6) will be totally reflected from the layer at all angles of tnci- 
dence, the mode of equation (2), however, always being refracted upward 
and being probably lost. (Eq. (5) has further mathematical complexities 
which appear to be of no physical significance). The prediction that 
these waves suffer total reflection even at normal incidence should 
perhaps admit of direct experimental proof. For long waves, greater 
than 500 meters, (3) reduces approximately to y2=1—C)Xo and (5) 
and (6) to w2=1—Cy*. These are about the same for small values of C, 
and the latter is the refraction formula for zero magnetic field. Hence 
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the earth’s magnetic field has little influence in the bending of the 
long waves, and therefore Larmor’s development, which neglected the 
magnetic field of the earth and referred to long waves is valid through- 
out. 


DISTORTION OF THE RECEIVED WAVE 


23. We must now call to mind certain well-known radio phenomena 
concerning the distortion of the received wave usually resulting in 
fading, i. e., fluctuations in intensity, of continuous wave signals and 
in poor modulation and fading of speech signals. Two general types 
of fading are differentiated, which we now recognize as attributable 
to quite different causes. One type, which is common to all wave- 
lengths is an intensity fluctuation of relatively long period, of the order 
of a second or more. This is usually more noticeable at nearer distances 
than at greater distances from transmitter, and in general the longer 
the wave the slower the fluctuation. The other type is a fading at 
high speed, the signal intensity often varying from full strength to 
practically zero at a low-audio frequency of the order of, say, 100 
oscillations per second. This appears as a change in the quality of the 
heterodyne note when continuous wave signals are being received and 
as bad distortion in the case of speech signals. The audio frequency 
fading characteristic applies only to certain bands of wave-lengths 
at certain distances from the transmitter; it is, generally speaking, 
less observable in the day time and at longer distances. More specific- 
ally, for waves longer than 800 meters, roughly, the high speed fading 
rarely occurs; in the broadcast band, 300 to 600 meters, it is noticeable 
only at intermediate distances, at night especially, from about 100 to 
1000 miles from the transmitter. In the region of shorter wave-lengths 
from 60 to 120 meters the high speed fading is violent at night for 
distances from roughly 5 to 300 miles from the transmitter. For the 
wave-lengths 16 to 40 meters the audio frequency fading is found in 
the flicker zones at the edge of the skip regions. Every detail of these 
fading phenomena finds a ready explanation in terms of the refraction 
ideas of this paper, and although qualitative, furnishes strong con- 
firmation of those ideas. 

24. With regard to the fading at low frequency, of a few seconds in 
period, we adopt the view, already suggested by many others, that this 
is due to a distortion of the received wavefront by motions of large 
clouds of the refracting electron medium. On the assumption, which 
appears very reasonable, that the bodily motions of the electron clouds 
are of the same order of velocity and extent as the air movements and - 
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currents in the lower atmosphere, one would expect low frequency 
fluctuations in a wave refracted through such a medium. The phenom- 
enon is a repetition on a larger and slower scale of the twinkling of the 
stars or of the unsteadiness of a scene viewed over the surface of a hot 
road. For longer waves motions of larger electron clouds are necessary 
to modify the wave-front, and these on the average would be expected 
to be slower than in the case of smaller clouds, so that the fading would 
be slower. Futher, for long distances for all wave-lengths the integrated 
cloud movements and hence the refraction effects would be expected 
to average out. This is all in accord with observation. 

25. The audio frequency fading is attributed to shifting interference 
patterns, and finds its optical analogue in the “light beats” of Airy 
and Righi.'!® Thus, considering the band of waves from 300 to 600 
meters, which exhibit occasionally audio frequency fading at distances 
from 100 to 1000 miles from the transmitter, it is seen from §22 that 
the various polarization components of the wave, except that of 
Eq. (2) are totally reflected from the layer at all angles of incidence. 
Therefore, in this instance any receiver, no matter where situated, 
may expect to receive in general four possible rays, the ground wave 
and the three overhead waves of Eqs. (3), (5) and (6) which travel to 
the receiver by different paths. In the first 100 miles from the trans- 
mitter the ground wave is sufficiently intense to drown out any varia- 
tions contributed by the overhead components. Beyond 100 miles 
the intensity of ground wave for these wave-lengths becomes com- 
parable with or less than that of the overhead waves, with the result 
that a complicated interference pattern of various states of polariza- 
tion and intensities is formed about the receiver. Movements of the 
electron layer will cause this pattern to shift to and fro, thereby caus- 
ing the rapid fluctuation of signal intensity. In daylight the electrons 
gather into low lying clouds of relatively great density gradient, so 
that the paths of different overhead rays are relatively close together 
and the interference pattern becomes broad and hazy. Its movements 
therefore cause little change in the signals. At night, however, the 
electrons are more diffuse and their density gradient is much less, so 
that the ray paths are more wide'y separated. The interference bands 
are therefore narrower and sharper and the motion of the pattern will 
cause rapid and violent intensity variations. At distances greater 
than 1500 miles the ray paths are so long that the interference pattern 
_ becomes indistinct in both day and night and the average effects on 
it of electron cloud movements become less. It is interesting that these 


1” Airy and Righi, Journal de Physique, 2, 437 (1883). 
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considerations call for the propagation of even these relatively long 
waves to great distances by an overhead route. 

By similar reasoning fast fluctuations would not be expected to 
occur for long waves at any place, because in the near distances the 
ground wave is strong and in the far distances the interference pattern 
is diffuse. In the case of the 16 to 40 meter band it is easily seen that 
the possibilities for sharp interference exist only on the edge of the 
skip zones. 

26. The discussion of the wave band from 60 to 120 meters is along 
similar lines. Here, however, the rapid fading occurs at distances as 
small as 5 miles from the transmitter. This means that for these waves 
at this distance the over-head components reach the receiver with an 
intensity comparable with that of the ground wave, even after traveling 
100 miles or so up into the upper atmosphere and being reflected back 
at nearly normal incidence! There seems to be.no escape from the con- 
clusion that the ground wave in this case dies out rapidly and that 
the over-head components are very perfectly reflected. Thus what has 
long been an exceedingly puzzling phenomenon finds an equally 
startling explanation, startling at least until one accepts these ideas. 

27. The various components of the wave, besides interfering, also 
may arrive at a receiver at different times, because of the different 
paths which they traverse. This will have no effect on the interference 
patterns just discussed, if the wave trains are long, as in continuous 
wave signals, but will become an additional cause of distortion in the 
case of short wave trains, such as the modulated waves of speech signals. 
In order to estimate the magnitude of this we assume that the electron 
distribution of Case 1a is the one which actually exists for daylight 
conditions and take ho=30 miles; N=0 at this height. From the skip 
distance data and Eq. (21), h’=61 miles and fo +h’=91 miles where 
N=3.95X10°. This gives the electron density gradient. From this 
and the dispersion equations (2), (3), (5) and (6) it is found that »=0 
at heights 69, 86, 78 and 64 miles, respectively. These are the heights 
where total reflection occurs for the respective waves, as discussed 
in §22. Assuming normal incidence the differences of the paths of the 
rays from the transmitter to the region of total reflection and back 
to the receiver are roughly 20 miles, or 10-4 seconds. The rays, more- 
over, pursue their respective paths with different speeds, which are 
slower in the longer paths. Calculation shows that this will increase 
the time differences of the paths by two or three times, making them, 
say, 3X10 seconds. This would perhaps be barely perceptible in 
speech signals. At night, however, the ray-path differences would be 
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increased roughly three times, and the time differences would be of the 
order of 10~* seconds or more, which would cause strong distortion 
of the speech signals. This estimate of the time differences of the rays 
has depended on the electron distribution assumed for the calculation. 
This suggests that an experimental analysis of the distortion in signals 
of wave-lengths 60 to 120 meters received at short distances from the 
transmitter would perhaps lead to more definite information about 
the electron distribution. 


LonG DISTANCE TRANSMISSION 


27. In the light of the foregoing conclusions it is of interest to con- 
sider the character of the reception at various distances from the trans- 
mitter. No attempt to cover all details will be entered upon, but a few 
cases deserve remark. It is convenient to make the diagrams from 
the reflection theory; the conclusions from these will be the same 
as from a refraction theory. In Fig. 7 the curved line AL is the surface 
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Fig. 7. Paths taken by radio rays in traveling around the earth. 


of the earth and BC’ the Kennelly-Heaviside layer at a height of 
150 miles. Suppose that the radio rays from the transmitter A are 
confined to the space BAC. The upper limiting ray AB descends to F, 
where A F is the first skip region, is reflected back to D, down again to 
the earth at H, etc., continuing around by successive reflections. The 
lower limiting ray may be tangent to the earth as shown by AC” or 
may be inclined at an angle to the horizontal in the manner of AC. 
In the latter case if AG<AH, where AH=2A F, there exists a second 
smaller skip region GH. From a continuation of the drawing further 
skip zones are found at greater distances. These are possible, but per- 
haps not probable because they become successively smaller and more 
ill-defined. 

If the bundle of transmitted rays is limited on its lower side by the 
tangent ray AC’, which is reflected to the earth again at K, the region 
KL can be reached by a ray from A only after at least one ground re- 
flection and two layer reflections (refractions). With a layer height of 
150 miles AK is 2000 miles. The region FK, on the other hand, can be 
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reached by a ray which has experienced only one layer reflection and 
no ground reflection. Therefore, because the ground reflecting power 
may vary with the locality, one might expect possibilities of poorer 
signals in the region KL than in the region FK, quite apart from the 
difference in remoteness; or, more graphically, the poor reception at 
a station 5,000 miles away may be due to a forest 2500 miles away. 
This distinction between the regions less and greater than 2,000 miles 
would seem to be generally valid at-all wave-lengths for which the direct 
ground wave is inoperative and for all the electronic distributions 
permissible in §§15 to 20. 

The observational data relevant to these questions are none too 
certain, but a recent program of tests with the 25.6 meter transmitter 
from this station (NKF) has permitted a few conclusions. A portion 
of the program involved the reception of the signals at every hour of a 
24-hour day by some forty stations scattered to 7000 miles distance. 
In the first place, the first daylight skip zone for 25.6 meters was found 
to be between 500 and 600 miles, which is in excellent agreement with 
Fig. 1. Secondly, no secondary skip zone, as GH, Fig. 7, appeared; 
the region from 700 to 1200 miles in daylight being unmistakably 
one of good signals. This meant merely that the lower transmitted 
rays were probably near to tangency with the earth, as AC’, Fig. 7. 
In this connection it might be possible to elevate the ray AC’ until 
the second skip zone was produced, by properly loading and exciting 
the transmitting antenna.*’ Thirdly, the signals in the region from 
2000 to 3000 miles appeared more uncertain than in the region within © 
the 2000 mile mark. The observations referred mainly to over-land 
waves and it would be of interest to repeat them with over-sea waves. 

In general, for the shorter waves observations by many receiving 
stations in the United States indicate better signal reception in the 
region extending from the first skip zone to 2000 miles than in the re- 
gion between 2000 and 4000 miles where at least one earth reflection 
is involved. At greater distances, however, from 5000 to 10,000 miles 
the short wave signals are very reliable, much more so than in the 2000 
to 4000 mile zone. This is to be expected because, with increase of 
distance, there are a greater number of possible ray-paths connecting 
the transmitter and receiver, so that a local disturbance, such as a 
poor earth reflection, etc., of any one ray will have small influence 
on the signal. One might expect the inverse distance law of signal 
intensity to hold approximately in this region for the short waves. 


*0 Van der Pol, Proc. Phys. Soc. London 29, 269 (1916-1917). 
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At the antipodes of the earth there is a concentration of ray paths and 
a corresponding increase in signal strength. This has been frequently 
observed. 

For radio communication over longer distances, of the interplanetary 
order, waves shorter than 40 meters would appear to be best able to 
pierce our own electron atmosphere as well as that of another planet. 
The circularly polarized long wave of Eq. (2) is of speculative utility, 
depending as it does on the intensity of magnetization of the electron 
atmosphere. Venturing even further into the realm of conjecture, the 
course of a ray proceeding in interplanetary space would be influenced 
by the electrons distributed from the sun. If this’ distribution were 
impartial in all directions, the electron density increases toward the 
sun, and the radio ray would be diverted towards the sun. It might 
pass beyond the influence of the sun after a small deflection, or it 
might spiral towards the sun until it reached that electron density 
requisite for total reflection, whereupon it would pursue an enlarging 
spiral until free again. 


Rapio Division (A.H.T.), 
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THE STRUCTURE OF THE HYDROGEN MOLECULE 
ION* * 


By H. C. UREY 


ABSTRACT 


The energies and dimensions of the hydrogen molecule ion for steady states 
in which the electron moves in orbits lying in the median plane between the 
two nuclei and perpendicular to the line joining them have been calculated. The 
steady states in which the electron moves in a straight line perpendicular 
to and through the mid point of the line joining the nuclei have energies which 
are given by the formula 

W = —1.2300 Rh /n™), 27 =1, 2732 

The normal state for which n*=1, has the energy W=—1.2300 R, h, which 
agrees with the value calculated previously by Langmuir. Tables are given 
of the energy of each of the other steady states in which the electron moves 
in the median plane with angular momentum about the line joining the nuclei. 
These steady states are dynamically unstable on the basis of classical mechanics 
with respect to a displacement in the direction of the line joining the nuclei. 
It is found that Olson and Glockler’s work on the ionizing potentials of hydro- 
gen can be interpreted in such a way as to be consistent with these calcula- 
tions. Five of their critical potentials agree with the calculated values for 
dissociation of the ion and resonance of the atom to the 3, 4, 5, 6, and 7th 
quantum states. The absence of the resonance to the second quantum state is 
consistent with the theory and the interpretation of their data. Two of their 
critical potentials agree with the theoretical values for resonance to the 3rd 
and 4th vibration quantum states of the ion and another to resonance to the 
3rd circular orbit of the median plane. Their highest critical potential agrees 
with the calculated value for complete dissociation of the ion into two protons 
and anelectron. The interpretation of the work of these men, which leads to the 
agreement with the theory, also gives a means of calculating a maximum value 
for the heat of dissociation of the hydrogen molecule, of 102, 500 cal. (4.43 volts), 
which agrees well with values secured by direct experimental methods. It is also 
shown that the dimensions of the model agree with values to be expected from 
a consideration of the moments of inertia of the hydrogen molecule in its 
excited states. The calculated moment of inertia of H"2 in its normal state 
is 2.60X10-" g. cm’. 


1. INTRODUCTION 


N his original papers on the structure of atoms and molecules, Bohr? 
considered a model for the hydrogen molecule ion consisting of 
two hydrogen nuclei and one electron moving in a circular orbit in the 
* A brief report of the work reported in this paper was presented before the National 
Academy of Sciences at Washington, D.C. on April 27, 1925, and appeared in the 


Proceedings of the National Academy of Sciences, Vol. 11, 618-621 (1925). 
1.N. Bohr, Phil. Mag. 26, 857 (1913). 
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median plane between the two nuclei. The energy and dimensions of 
the model are fixed by the conditions that the angular momentum about 
the line joining the nuclei is an integral multiple of 4/27 and that 
the repulsive force of the nuclei on each other is equal to the component 
of the attractive force between the electron and one nucleus in the 
direction of the line joining the nuclei. He showed that this model 
would be dynamically unstable with respect to a blow in the direction 
of a line joining the nuclei or a small displacement from the median 
plane and therefore considered that this model was improbable. The 
energy and dimensions of the model as functions of the quantum num- 
ber, derived by elementary methods, are given by Sommerfeld.? 

In 1922 Pauli® and Niessen* working independently again took up 
this problem and considered all the various types of orbits to be ex- 
pected. The dynamically stable orbit was found to have the energy, 

= —0.5175 Rh, where R is the Rydberg constant. This corresponds 
to an ionizing potential of 7.00 volts for the ion and would lead to an 
- ionizing potential of about 23 volts for the hydrogen molecule. Horton 
and Davies> by the method of electron bombardment subsequently 
found an inelastic collision at 22.8 volts, which they attributed to the 
ionization of the hydrogen molecule. Smyth* showed, however, by the 
positive ray method for ionizing potentials that no ions are produced 
in the neighborhood of this point. It seems therefore that the state 
calculated by Pauli and Niessen is not the normal state of the hydrogen 
molecule ion. 

Pauli and Niessen did not calculate the energies of the states having 
the orbits in the median plane since, as they showed, these orbits are 
unstable with respect to the small displacement from this plane. Such 
a displacement would cause the electron to move in an orbit which 
would not lie in the immediate neighborhood of the original orbit. 
They emphasize the necessity of considering this condition of dynamic 
stability and their arguments would be entirely valid if atomic systems 
obeyed in all details the laws of classical mechanics. The work of 
several authors’ on the helium atom is convincing evidence that this 


2 A. Sommerfeld, Atomic Structure and Spectral Lines, 3rd ed. Appendix 14. 
$W. Pauli, Jr., Ann. d. Physik 68, 177 (1922). 
4K. F. Niessen, Dissertation, Utrecht (1922); Ann. d. Physik 70, 129 (1923). 
5 F. Horton and A. C. Davies, Phil. Mag. 46, 872 (1923). 
®°H. D. Smyth, Proc. Roy. Soc. 105A, 116 (1923). 
1 J. H. van Vleck, Phil. Mag. 44, 842 (1922); 

H. A. Kramers, Zeits. f. Physik 13, 312 (1923); 

M. Born and W. Heisenberg, Zeits. f. Physik 16, 229 (1923); 

A. Sommerfeld, Atombau und Spectrallienien, 4th ed. p. 197 (1924). 
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is not the case. If then we must discard the laws of classical mechanics 
for the complete description of the helium atom and atoms of higher 
atomic number and yet are able to use them for the description of the 
hydrogen and ionized helium atoms, it seems possible that some simple 
modification might make it possible to describe the hydrogen molecule 
ion. The stability of atoms and molecules in general, when considered 
from the standpoint of classical mechanics, is very surprising and 
rather suggests that this condition of dynamic stability should be the 
first to be modified. If these unstable orbits of the median plane of the 
hydrogen molecule ion exist, it probably means that there is no natural 
- means of displacing the electron from its quantum orbits except by 
removing it to another quantum orbit, and that classical mechanics 
and the quantum conditions must be modified in such a way that these 
orbits are stable. The calculation of these orbits, as suggested here, 
can be regarded only as an incomplete description of this system. 

The application of quantum mechanics according to the original 
ideas of Bohr! and the quantum conditions of Wilson* and Sommer- 
feld® to the hydrogen and ionized helium atoms, both unperturbed by 
external fields and perturbed by homogeneous electric and magnetic 
fields, has been so successful, that it doubtless gives a close approxima- 
tion to the truth. If then it is possible to describe the hydrogen mole- | 
cule ion, using these same ideas and making only the modification with 
regard to the question of dynamic stability, it might serve as a stepping 
stone for the final solution of atomic mechanics. 

Langmuir'® suggested a model for the hydrogen molecule ion in which 
the electron is assumed to move in a straight line in the median plane 
perpendicular to and passing through the line joining the nuclei. He 
calculated the energy for the normal state of the ion and found it to 
be —1.229 Rh. In the spring of 1925, the author without knowledge 
of Langmuir’s previous work calculated the energy of this same model 
and found it to be —1.2300 Rh which is in excellent agreement with 
Langmuir’s calculations and serves as an independent check for this 
quantity. Langmuir did not publish the detailed account of his calcu- 
lation to my knowledge and therefore the details of my calculation will 
be given in this paper. The quantum conditions are applied according 
to the statement by Wilson’ and Sommerfeld,® and the mean value of 
the component of the force of attraction between the electron and one 
nucleus in the direction of the line joining the nuclei is set equal to the 

§ W. Wilson, Phil. Mag. 29, 795 (1915). 


* A. Sommerfeld, Ann. d. Physik 51, 1 (1916). 
10 T, Langmuir, Science 52, 436 (1920). 
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force of repulsion between the two nuclei. The calculated values for 
the resonance and ionizing potentials agree with nine critical potentials 
observed by Olson and Glockler! within a few hundredths of a volt 
in all cases and suggest a consistent explanation of their results which 
is somewhat different from that given by the authors themselves. The 
interpretation of their work leads to a value for the heat of dissociation 
of hydrogen into its atoms which agrees well with determinations of this 
quantity by other methods. 

The application of quantum mechanics to the hydrogen molecule 
ion with special reference to the orbits of the median plane is pre- 
sented in paragraph 2. For further detail the reader should refer 
.to the very complete work of either Pauli? or Niessen.* In paragraph 3 
the experimental work on the ionizing potentials is reviewed and the 
agreement with the calculations is discussed. Paragraph 4 is a discus- 
sion of the possible structure of the hydrogen molecule and the relation- 
ship between the band spectrum of the hydrogen molecule and the 
structure of the hydrogen molecule ion. 


2. THE APPLICATION OF QUANTUM MECHANICS TO THE 
HYDROGEN MOLECULE ION WITH SPECIAL REFERENCE 
TO THE ORBITS OF THE MEDIAN PLANE 


Charlier’ has given a complete discussion of the dynamical problem 
of two fixed centers of force acting on a third with forces varying as 
the inverse square of the distance and Pauli and Niessen have discussed 
in detail the application of the quantum theory to this problem for the 
case of the hydrogen molecule ion. It is therefore unnecessary to 
repeat in detail their derivation of the formulas involved and only that 
necessary for the special class of orbits considered here will be repeated. 
The symbols used by these two authors differed. In this paper the 
symbols and general method used will be those of Pauli. 

For the first approximation the nuclei may be regarded as having 
infinite mass and therefore as fixed. The energy and dimensions of 
the system will be determined by two sets of conditions, the quantum 
conditions applied to the motion of the electron and the condition 
that the mean force acting on the nuclei in the direction of the line 
joining them shall be equal to zero. The latter condition fixes the 
relative proportions of the model. The quantum conditions fix the 
absolute values. 


4 A. R. Olson and G. Glockler, Proc. Nat. Acad. Sci. 9, 122 (1923). anh 
2 C. L. Charlier, Die Mechanik des Himmels, vol. 1, Chap. III, p. 122, Leipzig 
(1902). 
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The separation of variables for the problem of two fixed centers 
_of force can be secured in elliptical co-ordinates. For the special class 
of orbits lying in the median plane the separation can be secured in 
plane polar co-ordinates in this plane with the origin at the point of 
intersection of the plane and the line joining the nuclei. Since these 
co-ordinates are somewhat more easily thought of, the dynamical 
equations can be set up in these co-ordinates. For purposes of integra- 
tion it is convenient to change to the elliptical co-ordinates. The kinetic 
energy in polar co-ordinates is 


T=hm(P?+r¢%) , 
and the potential energy 
V=/2c—22/JSP+2 , 
¢ being one half the distance between the nuclei. The Hamiltonian 
function is secured by substituting the momenta conjugate to r and 
y for the 7 and g in the kinetic energy and adding the potential energy. 
be pe © 2e2 


on - | 2m eae ne 


(1) 


The variables in this equation can be separated and the quantum 


conditions are . 
p bat =Ji=mh p bedo=Sr=mh ) | (2) 


where m; and m3 are integral numbers and h is Planck’s constant. The 
condition that the mean value of the force on the nuclei in the direction 
of the line of nuclei shall be zero is easily shown to be | 


Cor e 
—__—__—_—__ => —- : (3) 

(72+ Cer 4¢2 
the bar over the quantity indicating that the mean value is to be taken. 
In order to perform the integrations it is convenient to change the 
variables from r and ¢ to d and g, Xd being defined by the equation 


yes VJr+c2/c. 


If \ were defined as the ratio of the sum of the two distances from the 
electron to the two nuclei to the distance between the two nuclei, it 
would define an ellipse. It is therefore one of the elliptical co-ordinates 
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used by Pauli and Niessen. The change of co-ordinates can be made by 
a contact transformation derived from the function 


V = pc/N—1+ peo . 


The new conjugated variables are 


OV ef aV ch 100202 
SE pe ee ca 
dpe NMRA NES Lal ee 1 \ 
aV OV 4) 
Pee Sy =) Eee 
Ope - dg a 
and the Hamiltonian function expressed in these co-ordinates is 
N—1 pe? Dy) se On 
H=———_pt + - 4. —_, (5) 


2mc*r* 2mc?(\?— 1) cn 26 


and this is equal to the total energy W, which is constant. The phase 
integrals (2) become 


EN ALN), 
J,=Va01 Bs sae T= § pele =2ra 4 (6) 
where the following substitutions have been made: 
F(\) = —M+ BM+(1—A)\M— BA , (7) 
a3” 4e?mc | 
a,=mce—2mc?W , A=—-, ine —, (8) 
ay ay 


The condition of Eq. (3) in the new co-ordinates is 


= §(1/r)dt/ fdt=1/4. 


id 


(9) 
From Eq. (4) and the relation p,= Vai F( F(X)/ /(\?—1), we find that 
Melee REDS 

Ve NATO 
and substituting this in (9), the condition for zero force acting on 
the nuclei in the direction of the line of nuclei becomes 


2dn 
= ioe —$ : (10) 
\V F(x) WV F(x) 
The integrals which have been indicated are elliptic integrals, which 
can be reduced to the standard forms by the usual change of variables. 


(9a) 
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If the roots of F(A) =O are Ai, As, As and Ay, these can be arranged so that 
3 <a <A <Ae, the limits of oscillation being \1 and de. As can be 
expressed in terms of \; and de, thus 

AitAg 

1+ Air2 


and \y=0. The reduction to the normal form.can be secured by chang- 
ing to the variable z according to the equations 
NG 1 he—A1 —3 X3 


A=—- ‘ n=1—— ; | ak = nN . 
1— nz? Ao dg Ai— As As—A4 


(11) 


The integrals indicated in Eqs. (6) and (10), when expressed in terms 
of z, are 


Ae Aa. Si ee, a ae if {utes De 8 FN 
ff VO ge Poses te (1—2?)(1— k?2?)z i. 
Wee | (1—n)(n—k*) . (1 —nz?)(A.2— (1—n2?)?) 
de 
Vi—2) (1 
fx a i Al nee a 
J = the J(1—2)(1— Ba?) 
‘2 2dr i. oo dz 
LET | (1—n2t JA 2\(1— Be) ail 


The integrals (13) and (14) can be expressed in terms of the elliptic 


'5 The following equations are used in securing Eq. (15): 
: (1—12?)dz n n— k? 
$$ —_—_————. = —  — ——- ky, 


VG=DIR BS Re ko 
(15a) 


u dz d 2h? 
/ == 7 ae 
~ (1—mz?)2V/(1— 22) (1 — B22) 2(1—n)(n— k?) 


n 1 
+. E — ———_ 
2(1—n)(n— k?) 2(1—2) 


Kae 


oe K . 
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integrals of the first, second and third kinds and when so expressed and 
substituted in Eq. (10), this reduces to 


AP k? n n— k? h2y,3 
i, (S22 x\(- _), 
8 (1—7n) (n— k?) k2 k2 8(n—k?)(1—n) 
(15) 
where 
: dz 1 peer 
9 Sa 
/(1—27) (1— kz?) / joes 


| : dz 
I(n, =f $$. 
. fhe xips) V (1—2%)(1— R22) 


The fraction 


(1 —2?)(1— ks?) 2? 
(1— nz)? (A2—(1—nz?)?) 


in Eq. (12) can be broken up into simple fractions with the denomin- 
ators (1—mz*)*, 1—nz2?, \1— (1—m2?), and \1+(1—7n2?). Then 


EON) a 
J ote -04/a #2) 
if a(n) —n)da 
\12n(1 — 22) V (1— 2?) (1 — Be?) 


: 2k2dz 3h? (n—k?) (1—n) 
ef. ——__ = ____+(—- GE oe rod ew ; *) 
. n(1—nz?) /(1— 22) (1 — R22”) n Zn 


~| ; dz 
MLS (dy— 1-422) V(1—2) (1 — B22”) 


i dz |! 
(dy +1 — nz?) VV (1— 22) (1 — kz?) 


Using the Eq. (15a) and the above equation, we get 


M2 4/ F(A) le en — k? 
), ae nN {- Tee pave a 
—1 (1—n)(n—k?) Ain 

(16) 
ou a CB pe 
+ (8 ase (n—B\(1—0) 
n EX 3p, 


1 


ai! /} 
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where 
nN nN 
n= — —. and n= —, 
\i—-1 Ai+1 


14 


The limits of integration to be used. The systems which we are con- 
sidering have a limiting degeneracy” since the electron moves in only 
one or two dimensions and therefore has only one or two frequencies 
in its motion. For the orbits in which the electron has angular momen- 
tum about the line of nuclei, the equation F(A) =0 has two roots which 
lie between +1 and +. At these two points the momentum fp) 
becomes zero; it is finite at all intermediate points and the variables 
\ and ¢ do not change rapidly with the time at any point between these 
two limits. The phase integral is to be extended from ), to Az and back 
to Ax, or in polar co-ordinates from frmin tO max and back to 7min. These 
limits are similar to those used for the precessing elliptic orbits of 
hydrogen and are those used by Niessen in calculating orbits which 
do not lie in the median plane. The general character of such an orbit 
is shown in Fig. 1a illustrating the appearance of these orbits when 
viewed in the direction of the line of nuclei. The circles show the 
limits of oscillation, \1 being equivalent to 7min and A> tO 7max- 

As the angular momentum approaches zero, these orbits approach 
the vibration type of orbit. The root \; of F(A) =0 becomes equal to 
1, 1.€. 7min becomes equal to zero and this does not represent a limit of 
libration. The system is similar in every way to the inharmonic oscil- 
lator. For this special type of orbit, it is necessary to use rectangular 
co-ordinates for determining the limits of integration. The ) is not 
equal to zero at \=1 or rmin equal to 0. It therefore does not represent 
a limit of oscillation and the phase integral must be extended from «x; 
of Fig. 1b to x2 and back to x1, i.e. from rmax tO 7max and back to rmax- 
In terms of ) this is four times the integral from \; to Xs. The limits 
chosen are similar in every way to those commonly used for the inhar- 


‘* The formulas for expressing the complete elliptic integrals of the third kind 
occurring in this equation in terms of the complete and incomplete elliptic integrals of 
the first and second kinds are for I(n, k) and II (n'', k), in which 1>(n or n’’)>k?>0, 


II(n,k) |) (ae {E(k’, 8) K(k) —F(k’, BK (k) -E(a)]}, 


: n —k? 
where sin? P= Ly and k”?=1—k?, n’’ being substituted for » throughout for 


TI (m’’, k), and for II (”’, k), where — 0 <ne<0< kite 


II(n’, Da 4/ cama FBO B) K(k) +F(R', nk) —Eeoih+ AK) ; 


where sin? B&1/1—n’, 
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monic oscillator. It is easily seen that from the standpoint of the limits 
chosen for the orbits having angular momentum about the line of 
nuclei in the last paragraph, the orbits and steady states calculated 
using the limits of the phase integral chosen here are to be regarded 
as half quantum states. 

Due to the difference in the limits over which the phase integrals 
are extended, as well as the greater simplicity of the equations for the 
vibration quantum states, it is convenient to discuss the vibration 
states and the states having angular momentum about the line of 
nuclei separately. 

The vibration orbits. If the angular momentum about the line of 
nuclei is zero, A=0 and F(A) = —A*!+BA?+)?—Br. The equation 
F(A) =0 can be solved and has the roots 

M=1, %=B, Mm=—-1, AMO. 


x 


ds 


¥ 


Xy 
Fig. 1a Fig. 1b 
The change of variables by Eq. (11) then becomes 
A=1/(1—n2?) , R= 17 B*, k= n/2 , 
and Eq. (16) reduces to the simple form 


if — Dam ik) 2 EER) 


Since this is 1/4 of the phase integral from x, to x2 and back to x, the 
phase integral!* J* is 


= ve) 


J*=V/ a1 7, aA= 2\/2Ba; (II(n ,k)-2E+K). (17) 


16 See M. Born, Vorlesungen iiber Atommechanik, Julius Springer (1925), Chap. 
4, § 46. 

16 The asterisk will be used to designate the phase integrals and quantum numbers 
for which the limits of oscillation are x, and x of Fig. 1b. 
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The condition for zero mean force acting on the nuclei in the line of 
nuclei from Eq. (15) becomes | 


<n , k)—(1—B/8)(2E—K)=0. (18) 


Since a;B=4 mce,? Eq. (17) gives for c/a 


12 


Pig neem seer ees 
a 8(II(n , k)-2E+K)? 


nae (19) 
where a is the radius of the first quantum orbit of the hydrogen atom 
and II(n, k), E, and K satisfy Eq. (18). From Eqs. (19) and (8) the 
energy is found to be 


Rh 8(Il(n , k)-2E+K)? (=-1) 


20 
S (20) 


Pe n*2 2 
The Eqs. (19) and (20) give the distance between the nuclei and the 
energy as functions of B, which is the ratio of the maximum distance 
between the electron and one nucleus and half the distance between the 
nuclei. The solution of (19) or (20) and Eq. (27) simultaneously would 
give the distance between the nuclei or the energy, respectively, asa 
function of the quantum number and natural constants. The analytical 
solution of these simultaneous equations would be very difficult or 
impossible and it is therefore necessary to solve the equations by trial. 
By trial a value of B has been found with satisfies Eq. (17). The 
values of K, £ and II(n, K), which are functions of B, are then known 
and can be substituted in Eqs. (19) and (20). The results of the calcu- 
lations are: B=2.4297, K=1.71056, H=1.44795, Ii(n, K)=2.7175, 
and c/a=0.5255 n®, W=—R.h 1.2300 1/n*, and w/wo=(1/wo) 
(0W/dJ*) = 1.2300 1/n**. In the last expression w is the frequency of 
vibration of the electron in the hydrogen molecule ion and w is the 
frequency of revolution of the electron in the first quantum orbit of 
the hydrogen atom. The motion of the nuclei has been neglected, 
but the difference in energy due to the motion of the nuclei in the same 
direction as that in which the electron moves can be included in the 
formulae by using Ry, instead of R. in the formula given. This still 
neglects the effect of the motion of the nuclei in the direction of the 
line of nuclei. The calculation of B is believed to be accurate to about 
+0.0001. The value secured for the energy (W= —1.2300 R.h) agrees 
well with Langmuir’s result (W=—1.229 Rh) as noted above. 
The orbits of the median plane having angular momentum about the 
line of nuclei. For these orbits the phase integral is extended from 
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A; to Az and back to A, and therefore the integral given in Eq. (16) 
must be multiplied by 2 in order to extend this integral over a complete 
cycle of the motion. For this case 


F(A) = — + BH(1— A)N2+ BD 
If we divide the Eq. (6) 


a F(x 
een V F(X) 
2] 
by 
J3=20V/Aa, 
from Eqs. (6) and (8), we get 
1 SFO 
Ji/J3= —¢ : a : (21) 
arV A Novi 


the latter integral being expressed in terms of the complete elliptic 
integrals by (16). The condition that the force acting on the nuclei 
in the direction of the line of nuclei shall be zero is given by Eq. (15). 
These two simultaneous equations have been solved by trial, a value 
of Xi first being chosen and then by trial a value for \» found which 
would satisfy Eq. (15). In this way a number of pairs of such values 
of \; and de were found and the ratio J,/J3 was calculated from Eq. (21) 
for these pairs of values of \; and Ay. From the equation 


—)1-+ Br3+ (1 — A)A?— BA = (A—A1)(A— Da) (A— Az) (A—Aa) 


expressions for A and B in terms of \; and )» can be derived and these 
are 


(Ai?— 1) (Ao?— 1) _ itA2) Aide 
1+-AiA2 TN, 


By eliminating a, from the expressions for A and B of Eq. (8), ¢ 
can be secured as a function of A and B, and by eliminating a; and c 
from the three expressions of Eq. (8) and substituting for a3 from 
Eq. (6) the energy can be given as a function of A and B, and these 
are respectively 
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The quantities 44/B (4/B—1) and 4A4/B were plotted against the 
ratio ,/ms for the region in which m,/n3 is small and against m3/m in 
the region in which this is a small quantity. Smooth curves were drawn 
through the points and the values of 44/B (4/B—1) and 44/B for 
the values of 21/3, which are the ratios of integral numbers, were read 
from the curves. The values of 44/B (4/B—1) and B/4A so. secured 
are given in Table Ia. 


TABLE la 
4A 4 

—(— — B/4A n 

n,/ne B (3 1) / 3 
1 0.130 5.10 1 
2 0.048 13:5 1 
3 0.025 26. 1 
4 0.015 42. iS 
5 0.011 60. 1 
Lie 0.280 2.44 2 
3/2 0.074 8.85 2 
5/2 0.034 19.2 Z 
1/3 0.382 1.82 3 
2/3 0.209 de2e 3 
4/3 0.088 7.50 3 
5/3 0.064 10.3 3 
1/4 0.445 1.58 4 
3/4 0.183 3.65 4 
5/4 0.096 6.85 4 
175 0.489 1.45 5 
BLS 0.337 2.04 5 
3/5 0.235 2.90 > 
4/5 0.170 3.92 5 


In Table Ib are listed the values of —W/Rh for the orbits of the — 


median plane for values of m; and n3 from 1 to 5. The numbers given 
in the first column are those of the even values of n* only since only 
these numbers are comparable to the other quantities in the table due 
to the difference in the limits over which the phase integral is extended. 


TABLE Ib 

nN, ny 0 1 D 3 4 > 

0 Pe ie 2194 0975 0549 0351 
1 .3075(n* =2) 130 .070 0424 028 020 
2 .0769(n* =4) 048 032 0232 0175 0135 
3 .0342(n* =6) 025 0185 0144 0114 0094 
4 .0192(n* =8) 015 0120 0098 0081 .0068 
5 -0123(n*=10) 011 ° © 10085 0071 .0060 0052 


3. COMPARISON WITH EXPERIMENT 


The data on the ionizing and resonance potentials of molecular 
hydrogen are very discordant both with regard to the numerical values 
reported and the interpretation of these values. The ionizing potentials 
reported in the literature vary from approximately 11 volts to 16.68 
volts, with rather consistent agreement between a number of observers 


4 
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for the potentials!’ 11, 13.5 and 16.0 volts. It is very difficult to 
explain the ionization at 11 volts. That at 13.5 is usually attributed to 
atomic hydrogen which has diffused from the region of the hot filament 
to the point where the inelastic collisions take place. The third poten- 
tial at 16 volts is usually assumed to be the ionizing potential of the 
molecule or the dissociation of the molecule and ionization of one of the 
atoms. The latter assumption gives about 2.5 volts for the dissociation 
potential of the molecule and this does not agree with the values 
secured by other methods. The agreement between the different authors 
is rather rough and the results of Olson and Glockler! are at variance 
apparently with the work of all other authors. The wide differences 
secured by different observers indicates that the method of inelastic 
collisions possibly gives only approximate values for the energy changes 
in resonance, dissociation, and ionization of molecules. 

Olson and Glockler have measured, apparently with great accuracy, 
nine critical potentials of hydrogen between 14.84 and 16.68 volts, the 
latter potential having been duplicated in eight runs with a maximum 
variation of .11 volt. Six of these potentials can be represented by the 
formula 


v= 3.16+13.52(1—1/n?), fos, 5, On) and © 


As 13.52 is the ionizing potential of the hydrogen atom these authors 
assumed that these critical potentials were due to dissociation plus 
resonance of one atom, the dissociation ‘potential being 3.16 volts. 
Resonance to the second quantum state of the atom was not observed 
and no explanation of this was given nor has any satisfactory explana- 
tion of this unexpected result been found since their paper was pub- 
lished. The remaining three potentials were assumed to be resonance 
potentials of the molecule. Two of these potentials can be represented 
by the formula 


v= 16.68(1—1/n?), n= 3, and 4, 


and if m= © is substituted in this formula it gives the same potential 
as that for m= in the preceding equation. The constant in this 
equation is the highest potential observed. This relationship was 
pointed out to me by Dr. A. R. Olson in 1923 at the time their paper 
was published. It is immediately evident that if these two empirical 
relations are true, then not only the differences in the potentials ob- 
served by Olson and Glockler, but also the absolute magnitude of 


17 See Bull. Nat. Res. Council, vol. 9, Part 1, No. 48, Critical Potentials by K. T. 
Compton and F. L. Mohler. 
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these potentials must be correct, for if a constant is added to the first 
equation, then the potential secured by setting 7= ~ in this equation 
will no longer give the constant to be used in the second equation. The 
latter must then be written in the form 

V = 16.68 (1—1/n?) +constant 
and the simplicity of Olson and Glockler’s equations is lost. - 

No difference can be seen in the one curve published by Olson and 
Glockler between breaks in the curve corresponding to resonance of the 
molecule and those corresponding to dissociation and resonance of the 
atom. If these critical potentials represented by the former equation 
were also due to resonance without dissociation, this would be in exact 
accord with the work of Glitscher!® on the many lined spectrum of 
hydrogen. His work indicates that there are steady states of some 
emitter of the many lined spectrum which differ from each other by 
the same amounts as the steady states of the hydrogen atom. 

The very close agreement between the results of these observers 
and the potentials predicted from the theory of the hydrogen molecule 
ion is quite remarkable and if it is possible to interpret their critical 
potentials as being due to the hydrogen molecule ion instead of the 
hydrogen molecule, it indicates that a very high precision has been 
secured by these authors. For dissociation of the ion and resonance 
of the atom the potentials predicted from theory can be represented by 
the formula 


0=3.12+13.53(1—1/n?), n=2,3,--------- 


and the theoretical formula for the resonance potentials of the hydrogen 
molecule ion (vibration quantum states only) is 


v=16.65(1—1/n*), n* =2, a o oota Ls Seccie ee ad 


It is necessary, however, to interpret the experimental results in quite 
a different way from that given by the authors themselves. The 
calculated and observed potentials together with the interpretation 
given by Olson and Glockler and that given here are shown in Table II. 
The numbers in parenthesis refer to the quantum numbers of the steady 
states. The first number given in parenthesis after the hydrogen 
molecule ion is 21, the quantum number conjugate to the \ co-ordinate, 
the second is m2, the number conjugate to the pu co-ordinate of Pauli 
which is always zero for the orbits of the median plane, and the third 
is the m3, the quantum number conjugate to the g co-ordinate. The 


'* K. Glitscher, Sitzungsber. der Bayer. Akad. 1916, p. 125, See A. Sommerfeld, 
Atombau und Spectrallinien, 4th ed. pp. 92, 93, Friedr. Vieweg and Sohn (1924). 
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critical potential at 15.35 volts has been shown as resonance to the 
third circular orbit level. It seems to fit this transition better than any 
other calculated, but since only this one resonance out of all the possible 
rotation orbit levels appears in the experimental data, some other 
explanation may be possible. It may be also that the critica] potentials 
given as dissociation and resonance of the atom are really resonance 
potentials as suggested above. No energy levels of the hydrogen 
molecule ion which have been calculated either by Niessen or by me 
give this simple relation, i.e. differences in energy levels equal to the 
differences in energy levels of the hydrogen atom. Since the mechanics 
which has been used is admitted to be incomplete, the possibility that 
these are resonance potentials of the ion is not excluded. Such a 
relationship is more likely to be characteristic of the hydrogen molecule 
ion than of either the hydrogen molecule or the triatomic hydrogen 
molecule or its ion, because the relatively simple structure of the 
hydrogen molecule ion would lead us to expect simpler relationships 
between the steady states. 


TABLE I] 
Resonance potentials of the hydrogen molecule ion 
Reaction Reaction Potentials 
(Olson and Glockler) (Urey) obs. calc. 
H,=H(i)+Ht+e H,*t(1*,0,0) =H+t+H*+-+e 16.68 16.65 
H,=H(1)+H(7) H,*(1*,0,0) =H*++H(7) 16.41 16.37 
H.=H(1)+H(6) H,*(1*,0,0) =H*++H(6) 16.33 16.28 
H,=H(1)+H(5) H,*(1*,0,0) =H*++H(5) 16.11 16.11 
H,=H(1)+H(4) H,*(1*,0,0) =H++H(4) 15.84 15.80 
H,=H,(r) H,*(1*,0,0) = H.+(4*,0,0) 15262 15.61 
H,=H,(r) ?H,*(1*,0,0) = H.*(0,0,3) 15.35 15.33 
H,=H(1)+H(3) H,*(1*,0,0) =H++H(3) i yey 15.15 
H,.=H,(r) fe 12-0,0) = H.*(3*,0,0) 14.84 14.80 
[a H,t(1*,0,0) =H++H(2) oe 13227 
1 a Hoc) ,0,0)=H.*(2*,0,0) ees 12.49 


The apparatus of Olson and Glockler is adapted for the detection of 
resonance potentials and not ionization potentials. Their lowest poten- 
tial is 14.84 volts and it seems very probable that this is greater than 
the first resonance potential of the hydrogen molecule. Other observers 
have reported critical potentials as low as 10 volts. For some reason 
these do not appear in Olson and Glockler’s work nor do they observe 
the potential corresponding to dissociation and resonance of the atom 
to the second quantum orbit for which the calculated value is 13.27 
volts (See table II). In a previous note it was assumed that the current 
measured by their electrometer was due to ions, no current would be 
observed until the H,+ ion was produced by an electron of velocity 
between 13.27 and 14.84 volts. Due to an error in their paper this 
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interpretation is no longer tenable.'® It is still possible that only light 
emitted. by the H+ ion reaches the electrometer electrode, the light 
produced by resonance of the molecule being absorbed by the layer of 
hydrogen gas between the point of excitation and the detecting elec- 
trode. Though this interpretation is open to objections, the experi- 
mental fact remains that the lowest potential observed by these-authors 
is 14.84 volts and this is probably much larger than the first resonance 
potential of the molecule. This point together with others appearing 
in their work must be decided by further experiment. For the present 
we assume that all potentials observed by these men are due to the 
hydrogen molecule ion. 

This interpretation of this experimental work gives an explandtia 
of one of its peculiarities, namely the absence of the critical potential 
for dissociation and: resonance of the atom to the second quantum 
state for which the calculated value is 13.27 volts. For if the ionizing 
potential of the molecule is greater than this potential, no current 
would be observed until this point was exceeded and thus it would not 
be observed. This interpretation is possible quite independently of 
any theoretical considerations, but leads to the conclusion that the 
ionizing potential of the molecule lies between 13.27 and 14.84 volts, 
and this appears to be in disagreement with the work of other observers. 


TABLE III 
Initial 
Run correction a b G d e ip g h 1 
1 PRBS) LS e00 15.86 16.02 16.40 16.70 
2 3.18 14.75 15.09 15.34 15379 has 16.68 
3 o15 14.89 15.09 15.44 15.74 16.14 16.34 16.71 
4 1239 TsC25e 15.61 15:92. 16:16 7126733 16.68 
) 1.24 14.75 14.97 15229 s1505G0) ana seer as 16.32 16.63 
6 1.28 15.17 15.41 15.70 15.89 16.14 16.3616 SGstmeme 
7 1.61 14.94 15.33 15.54 15.78 16.10 16.35 16.70 
8 2.08 14.89 15.08, 15.28 515 Soe stous0 16.38 16.62 
Av. 14.84 15.12 15.35 15.62 15.84 -16.11” 1G7330Ge2 tee 
Theor. 14.80 15.15 15.33 15.61 15.80 16.11 16°26 61003 7cee 


The complete experimental data of Olson and Glockler are given 
in Table III. The first column gives the run number, the second the 
initial correction applied, and the remaining columns the observed 


9 In a conversation between Dr. Olson and the author an error was discovered in — 
the paper of Olson and Glockler. In their Fig. 1 the accelerating and retarding poten- 
tials A, and Rx, which are shown between gauzes G3 and Gu, should be placed between 
P and G, and the zero field A;=0 should have been placed between G3 and G,. The 
space between G; and Gy is in effect a Faraday cage. This makes the interpretation of 
these potentials given by the author in the Proceedings of the National Academy of 
Sciences, Vol. 11, 618 (1925) an impossible one. 
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potential plus the initial correction of column 2. The arrangement 
into groups @, J, c, etc. is the same as that given by the authors in their 
Table II. 

The first critical potential observed varied from 14.75 to 15.30 volts. 
Had they regarded these as being the same critical potential, they 
would have concluded that the ionizing potential was about 15 volts 
with an experimental accuracy of +.3 volt. This would be the usual 
interpretation and the limits of error would have been much the same 
as that secured by other observers. The highest potential observed is 
shown in the last column. When this is regarded as the constant 
critical potential, it is possible to arrange the ones preceding in groups 
which show fair agreement among themselves. The averages of these 
potentials are listed in Table III. The listing of the two columns g and 
h separately is rather artificial, since the points on the curves were 
read only at .1 volt intervals, and several other changes in arranging the 
observed potentials might be made as for example the first potential of 
column 0, but on the whole it seems difficult to rearrange the data in 
any better way than that given by the authors. 

There is then an erratic variation of the lowest potential observed 
for which there seems to be no satisfactory explanation. Richardson 
and Tanaka?® have pointed out a similar difficulty in their work on 
the ionizing potentials of hydrogen. They say, “An examination of 
the data leads to the conclusion that the observed oscillation of the 
values between 14.6 and 15.4 volts is real and not due to errors in 
drawing the curves. In other words, the measured potentials may have 
been changing by an extreme amount of 0.8 volt in the course of these 
experiments.” This statement can be applied without change to the 
first potentials recorded in Table III. Due to this variation, we are 
not justified in taking 14.84 volts as the ionizing potential of the mole- 
cule, but only in regarding this as a maximum. Using this interpre- 
tation, it is possible to calculate a maximum value for the energy 
dissociation of hydrogen gas by the following equations: 

H, =H.t+e ; 14.84 volts (experimental) 
H.+t=2H++e ;16.65 volts (theoretical) 


adding H, =2Ht+2e; 31.49 volts 
and subtracting 2H =2H+-+2e; 27.06 volts (=2 Rh) 
H, =2H - 4.43 volts (=102,500 cal.) 


A comparison of this value with that secured by other methods is 
given in Table IV. . 


20 O. W. Richardson and T. Tanaka, Proc. Roy. Soc. 106A, 640 (1924). 
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The value calculated here is somewhat larger than the other values 
given in the table. If 93,000 cal. (=4.03 volts) is about the correct 
value for the heat of dissociation the ionizing potential of the hydrogen 
molecule should be about 14.3 volts. If the 13.5 volts ionizing potential 
observed by several authors is made to coincide with this value by 
adding .8 volt, then the 16 volt potential will agree with the-ionizing 
potential calculated for the hydrogen molecule ion. This is a possible 
explanation of the ionizing potential data. 


TABLE, IV 
Author Method Heat of dissociation 
Langmuir” (1915) Conduction from a hot wire 84,000 cal. 
Isnardi (1915) Conduction from a hot wire 100,000 cal. 
Wohl** (1924) Temperature of explosions 90,000 cal. 
Olson and Glockler and 
from this paper Ionizing potentials 102,500 cal. (Maximum) 


The interpretation of these critical potentials suggested here, requires 

that the first process occurring is 

H,=H.+t+e 

and that the H+ ions are produced by a second collision. This is in 
agreement with the work of Smyth* on the ionizing potentials of 
hydrogen by the method of positive ray analysis and that of Hogness 
and Lunn*® using the same method. These authors conclude that 
the first ions produced are H2t and that the H+ ion is produced by 
collisions with other molecules. Smyth thinks however that the 
hydrogen molecule ion is energetically unstable with respect to the 
atom and atomic ion. This would be in disagreement with the theory. 
Hogness and Lunn think that their experiments are inconclusive on 
this point. The potentials at which the H+ ion appears are some- 
what higher than 14.84 volts though both authors question their abso- 
lute values. 

No spectroscopic confirmation of the theory has been found up to 
the present. The theory predicts an ultraviolet limit of 741A. Hopfield” 
found an ultraviolet limit of 885A, which is equivalent to 13.94 volts 
or 1.030 Rh. This would be about the limit to be expected for the 
molecular spectrum if its ionizing potential is about 14.3-14.5 volts. 


71 Irving Langmuir, J. Am. Chem. Soc. 37, 417 (1915). 

» T. Isnardi, Zeits. f. Elektrochemie, 21, 405 (1915). Wohl corrected a slight error 
in computation in Isnardi’s work. See following reference. 

°K. Wohl, Zeits. f. Elektrochemie 30, 49 (1924). 

* H. D. Smyth, Phys. Rev, 25, 452 (1925). 

* T. R. Hogness and E. G. Lunn, Proc. Nat. Acad. Sci. 10, 398 (1924) and Phys. Rev. 
26, 44 (1925). 

*° J. J. Hopfield, Phys. Rev. 20, 573 (1922). 
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The absence of the ultraviolet spectrum of H,+ may be due to an 
extremely low intensity, though if Olson and Glockler can observe the 
ionizing potentials of the H.* ion, it should be possible to secure the 
spectrum. ' 

The theoretical work is being continued to see whether it is possible 
to calculate part of the many lined spectrum of hydrogen by including 
the contribution of the rotation and vibration of the nuclei to the 
energy and the change of energy of the electron due to the motion of 
the nuclei. For the special case of the rotation of the nuclei about the 
line of vibration of the electron in the vibration orbits, it seems possible 
to do this without modifying classical mechanics. For the other orbits 
of the median plane, it seems that some modification of the laws of 
mechanics must be made. 

I also expect to attempt a repetition of the experimental work of 
Olson and Glockler and possibly some extensions to the resonance 
states of the ion which should appear theoretically below the ionizing 
potential of the molecule. 


4, THE STRUCTURE OF THE HYDROGEN MOLECULE 


Since the attempts to calculate the ionizing potential of the helium 
atom have been unsuccessful, it is very doubtful whether any similar 
calculations on the hydrogen molecule would be any more successful. 
But whatever the structure of the normal hydrogen molecule may be, 
the adiabatic removal of one electron must leave the hydrogen molecule 
ion in its normal state. If then this normal state of the hydrogen 
molecule ion is the one suggested here, we can describe the hydrogen 
molecule as consisting of two nuclei and two electrons, vibrating in 
approximately straight lines in the median plane between the two 
nuclei. The two electron orbits may be oriented toward each other 
at some angle possibly a right angle and may be moving with phases 
such that the one is at the line joining the nuclei while the other is 
farthest from this line. Such a model would be diamagnetic. We can 
speak of such a model only with about the same certainty as we can of 
the crossed and coplanar models of helium. 

The moment of inertia of the hydrogen molecule in its normal state 
should always be larger than the moment of inertia of the hydrogen 
molecule in any of its stationary states. When the second electron of 
the hydrogen molecule is in one of the higher quantum states, the 
component of its force of attraction on the nuclei in the direction of the 
line of nuclei would be small and therefore the difference in the moments 
of inertia of the hydrogen molecule ion and of the hydrogen molecule 
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in its excited states should be small. In Table IV are given the moments 
of inertia and distances between the nuclei of the Bohr, Pauli and 
Niessen and the vibration models of the hydrogen molecule ion and 
of the excited hydrogen molecule calculated from the Fulcher bands 
by Allen.2” These quantities calculated for the vibration model of the 
ion agree well with those to be expected by comparison with those 
calculated by Allen for the hydrogen molecule. 


TABLE IV 
Moment of Distance 
inertia between nuclei 

(g. cm.2X10%) (cm. 108) 
H,*(0,0,1) (Bohr) 7.05 .921 
H,*(0,1,1) (Pauli and Niessen) leo 2.942 
Hattt, 0.0) (Langmuir and Urey) 2.600 .559 
H, (First Fulcher Bands) Ilj==1.794 di= .462 
I¢=1.,862 de== F470 
H, (Second Fulcher Bands) I;=1.249 di= .385 


Ip=1.292 d= .392 


Dieke’** and Takahashi’® have given very different interpretations 
to the Fulcher bands than those used by Allen and originally suggested 
by Lenz.*° Dieke shows that the so-called Fulcher triplets can be ex- 
tended and arranges these triplets and other lines as one branch of a 
band to which he has added another branch. The differences in fre- 
quencies which have been usually regarded as due to differences in the 
rotational energy changes are on Dieke’s view to be correlated with 
vibrational changes in energy. This would make the moments of inertia 
calculated by Allen entirely meaningless. However, other methods*! of 
calculating the moments of inertia as from the heat capacity and 
entropy give values of the same order of magnitude as those secured 
by Allen. : 

This model of the hydrogen molecule also suggests that the non- 
polar bond of chemists may be regarded as two electrons vibrating in 
a plane between the two atoms perpendicular to the line joining their 
nuclei. Such a picture would be a very satisfactory one from the 
standpoint of chemists, though of course no more so than a similar 
extension of the Bohr-Debye model of the hydrogen molecule. 


*” H. S. Allen, Proc. Roy. Soc. 106A, 69 (1924). 
8 G. H. Dieke, Amsterdam Acad. 27, 490 (1924); Phil. Mag. 50, 173 (1925); Zeits. 
f. Physik. 32, 180 (1925). 
*® Takahashi, Jap. Journ. of Phys. 2, 95 (1923). 
*0 W. Lenz, Verh. d. D. Phys. Ges. 21, 632 (1919). 
*! See F. Reiche, Ann. d. Physik. 58, 657 (1919). 
E. C. Kemble and J. H. VanVleck, Phys. Rev. 21, 653 (1923). 
H. C. Urey, J. Amer. Chem. Soc. 45, 1445 (1923). 
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There are four points of agreement between calculation and experi- 
ment which can be regarded as independent: first, the ionization 
potential calculated agrees with the experimental value and it imme- 
diately follows that the calculated values for dissociation and resonance 
of the atom must agree with these experimental critical potentials; 
second, the resonance potentials of the hydrogen molecule ion as 
calculated agree with the experimental critical potentials; third, the 
heat of dissociation of the hydrogen molecule calculated agrees with 
the experimental values; and fourth, the moment of inertia of the 
hydrogen molecule ion agrees with the values expected from the 
moment of inertia of the excited hydrogen molecule. 

My thanks are due to Dr. G. Breit of the Carnegie Institution of 
Washington for his friendly criticism of this work and for repeating 
much of the mathematical work and to Dr. E. C. Kemble and Dr. J. C. 
Slater of Harvard University for their criticism of this paper, and 
valuable suggestions made in regard to it. 


JouNs Hopkins UNIVERSITY, 
BALTIMORE, Mb. 
October 20, 1925. 
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A Treatise on Light. (Fourth edition). R.A. Houstoun.—The popularity of this 
standard text is shown by the fact that it has passed through three editions in the last 
four years. The total changes, however, have been relatively slight and the present 
edition differs from the last only in the fact that five or six pages in the section on Spec- 
troscopy have been rewritten and a few minor improvements introduced elsewhere. 
The many friends of the book will welcome, when the time comes a more thorough re- 
vision, with the incorporation in the body of the text of material on recent advances 
such as is now added in a special chapter at the end of the volume.—Pp. xi+486, 334 figs., 
Longmans, Green & Co., New York, 1925. Price $4.20. 

L. R. INGERSOLL 


Physikalische und technische Grundlagen der Roentgentherapie. G.GROSSMANN 
—This book is intended primarily for the radiologist but deals only with the physical 
and technical aspects of the subject. It contains a comprehensive survey of the field in 
its present stage of development, particularly as regards German contributions. 

The first part of the book is devoted to a general discussion of x-radiation and methods 
of measurement. Numerous quantitative data are given. The presentation of the dosage 
problem leaves much to be desired. 

The second part is devoted to a discussion of x-ray tubes, high voltage machines and 
measuring instruments. With two or three exceptions all the apparatus described is of 
German manufacture. The principles involved, which apply also to American apparatus, 
are treated extensively. 

The subject matter is presented in simple language, using mathematics sparingly and 
illustrations copiously. The book, therefore, should prove of considerable value to the 
radiologist. The physicist who wishes to familiarize himself with the problems of x-ray 
therapy will find it of great assistance—Pp. viiit+300, 207 illustrations, Urban & 
Schwarzenberg, Berlin, 1925. Price $13.50. C. G. FAILLA 


Uber die Synthese der Feldspatvertreter. W. EITEL. Preischriften von der 
Fiirstlich Jablonowskischen Gesellschaft, LII—The feldspathoids, according to the 
definition of the author, are a group of minerals closely related to the feldspars in com- 
position and petrogenesis, and thus defined include not only the alkali aluminosilicates 
such as leucite and nephelite, but also the melilites and the minerals of the sodalite 
group. The components thus include the common rock-forming oxides NazO, KO, CaO, 
MgO, Al,O3 and SiOz, as well as the less common components CO2, SO3, S, and NaCl, 
and it is evident that a comprehensive treatment of the feldspathoids necessitates a 
discussion of the greater portion of our knowledge of mineral chemistry. Such a discus- 
sion has been given, and the author’s first-hand experience both in petrology and in 
physical chemistry has enabled him to give a well-balanced analysis of the material in 
the literature, which consists of two portions of widely differing character. The first 
portion comprises the work of the older school, whose mineral syntheses were oftentimes 
carried out by most ingenious methods, but by methods which bore no possible relation 
to the natural mineral paragenesis. The second portion includes the precise physico- 
chemical researches of the past two decades, which have yielded much information con- 
cerning various binary and ternary systems containing the above common rock-forming 
oxides. The discussion of this material is particularly full. The third portion of the book 
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consists largely, of work in which the author has been active, the introduction of volatile 
components, particularly CO,, into mineral systems; work which has served to show the 
-physico-chemical relationship of the complex mineral cancrinite and the more usual 
compounds calcite, sodium carbonate and nephelite. This book is to be recommended 
to all interested in the problems of mineral chemistry and their study from the stand- 
point of physical chemistry. The indexing has been well done.—Pp. viii+258, Aka- 
demische Verlagsgesellschaft m.b.H, Leipzig, 1925. GEORGE W. Morey 


Photoelectricity. (Second Edition). H.S. ALLEN.—The first edition of Allen’s 
“Photoelectricity,” published in 1913, has been almost the only work in English dealing 
in a comprehensive manner with all aspects of the subject. Since 1913 the subjects of 
atomic structure and radiation have experienced an extraordinary development which 
might well be expected to make any text quite out of date, which dealt with phenomena 
occurring as the result of the irradiation of matter. The author of this book, while 
recognizing this situation in principle yet finds the facts of photoelectricity and the 
deductions to be drawn from them substantially unaltered. Another way of stating this 
might be that the true nature of photoelectric action is no more understood now than 
then. Proceeding on this basis the size, arrangement and illustrations of the new edition 
closely follow the old. The first nine chapters describe the early experiments, methods of 
measurement, the typical phenomena in various types of cells and with various kinds of 
illumination. These chapters are followed by an interesting series of reviews of allied 
subjects such as fluorescence and phosphorescence, photography and _ physiological 
effects, in which photoelectric action may be considered to play an important part. 

A criticism to which the book, being professedly a second edition, is open, is that by 
its retention of the original illustrations, with exceedingly few additions, the perspective 
of the presentation suffers. Recent work is not only relatively poorly illustrated, but its 
description, for lack of appropriate diagrams, is much less thorough and intelligible than 
is the case with early work. Deletion of portions of the chapter on photoelectric fatigue, 
now a subject largely of historical interest, elimination of detailed discussion of pheno- 
mena which have turned out to be due to poor experimental technique, and more critical 
discussion of later work in place of the very rapid general review with which much of 
this is presented, would make the book more valuable to serious students. 

The references given are commendably complete, and practically all important work 
on the subject is given some mention. A full bibliography of papers since 1913, and 
appendices containing useful constants and relationships enhance the value of the book. 
It should prove a very valuable book for those who wish an introduction to the subject. 
—Pp. xi+320, 43 figs. Longmans, Green & Company, New York, 1925. Price $6.50. 

HERBERT E, IvEs 


A Condensed Collection of Thermodynamic Formulas. P. W. BrinGMANn.—This 
collection covers the 10 most frequently used variables, with the equations formed from 
them and their first and second derivatives. The possible number of such equations is 
very great, too great to be listed in detail. Bridgman has succeeded by a relatively 
simple classification in reducing the number of equations to be listed so that they are 
readily printed and correspondingly readily used. To use the tables, this classification 
must be mastered—a task well worth while, for its comprehensive survey of the group of 
relations, and the added mastery over them. Solutions for a number of problems are 
given to illustrate the use of the tables. Workers in this field should find the book of 
material help both in finding desired relations and in permitting a comprehensive survey 
of the group of relationships related to the problem in hand.—Pp. 34, Harvard University 
Press, Cambridge. Price $1.50. J. R. RoEBucK 
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OF THE 


AMERICAN PHYSICAL SOCIETY 


MINUTES OF THE KANSAS CiTY MEETING, 


DECEMBER 28, 29, AND 30, 1925 


The twenty-seventh annual meeting (136th regular meeting) of the 
American Physical Society was held at Junior College, Kansas City, 
Missouri, on Monday, Tuesday and Wednesday, December 28, 29, and 
30. The presiding officers were Professor Dayton C. Miller, President of 
the Society, and Professor K. T. Compton, Vice-President. The atten- 
dance was about one hundred and fifty. 

On Tuesday afternoon at four o’clock, Professor Dayton C. Miller 
delivered the presidential address on ““The Michelson-Morley Ether- 
drift Experiment—Its History and Significance,” in the Assembly Room 
of the Junior College. This address was a general session of the A.A.A.S. 

The annual joint session with Section B was held on Wednesday 
morning, with Professor H. M. Randall, Chairman of Section B, pre- 
siding. The retiring Vice-President, Professor K. T. Compton, opened 
the joint meeting with an address entitled “Dielectric Constants and 
Molecular Structure.’”’ This was followed by a symposium on “Rela- 
tivity,’’ consisting of three addresses as follows: “The Effect of the 
Earth’s Rotation on the Velocity of Light,” by H. G. Gale, University 
of Chicago; ““Astronomical Evidence for Gravitational Displacement of 
Spectrum Lines,’ by Charles E. St. John, Mt. Wilson Observatory; 
‘Experimental Science and World Geometry,” by A. C. Lunn, University 
of Chicago. In the absence of Professor Gale, owing to illness, his paper 
was read by Dr. W. W. Watson. 

On Tuesday evening, December 29, 1925, there was a dinner for the 
members of the Society and of Section B and their friends at the Hotel 
Baltimore, attended by ninety-eight persons. 


Annual Business Meeting.—The regular annual business meeting of 
the American Physical Society was held on Tuesday morning, December 
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29, 1925, at eleven o’clock. A canvass of the ballots for officers resulted 
in the elections for the year 1926 as follows: 


For President; Dayton C. Miller 
For Vice-President; Kk. T. Compton 

For Secretary; Harold W. Webb 
For Treasurer; George B. Pegram 


For Members of the Council, i H. Compton 
Four-year term; E. P. Lewis 
For Managing Editor of the 
Physical Review, 


Three-year term; John T. Tate 
For Members of the Board of (J. A. Gray 
Editors of the Physical G. E. M. Jauncey 


Review, Three-year term; J. H. Van Vleck 

The Secretary reported that during the year there had been 171 
elections to membership, and that the resignations of 54 had been 
received. The deaths of 5 members were reported during the year. The 
total membership was 523 Fellows, and 1237 Members, making a total 
of 1760. 

The Treasurer presented his financial report for the year 1925. The 
Managing Editor of the Physical Review presented the financial report 
for the year 1925, together with a report showing the progress of the 
Review during the years 1923, 1924 and 1925. 

On motion of Professor R. A. Millikan, the following resolution was 
unanimously passed: 

“Resolved that the Physical Society express its appreciation to the 
retiring Editor of the Physical Review for the following specific reasons: 

1. He has introduced an abstracting system which had proved a 
distinct contribution to bibliographic method and has made the Physical 
Review in this respect a model already followed by many journals. 

2. He has greatly improved the quality of the papers appearing in 
the Review, by an immense amount of detailed editorial work, and by 
insisting that contributors present their results with brevity and elegance. 

3. He has given a demonstration of value to other sciences in that a 
journal, which a few years ago seemed unable to run without a subsidy, 
has been made to do so by attention to brevity and other elements of 
quality. By these services a Fulcher has made an outstanding con- 
tribution to scientific progress.”’ 

Meeting of the Council—At the Meeting of the Council held on ae 
ber 28, 1925, three persons were elected to Fellowship, one was trans- 
ferred from Membership to Fellowship, and twenty-six were elected to 
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Membership. Elected to Fellowship: William Bowie, Otto Laporte, H. 
Nagaoka. Transferred from Membership to Fellowship: Kanji Honda. 
Elected to Membership: Penrose S. Albright, Edward V. Appleton, Z. T. 
Chang, James L. Dunham, H. F. Fruth, R. J. Havighurst, Leland D. 
Hemenway, Victor Henri, Edward L. Hill, H. J. C. Ireton, Z. N. Loh, 
Daniel P. Mahoney, Roy H. Mortimer, Suminosuke Ono,. Robert H. 
Oster, Neil B. Reynolds, Carl S. Roys, Richard Rudy, Matthew H. | 

Schrenk, Surain Singh, Hildegarde Striicklen, Clyde H. Tarney, Henry 
W. Taylor, Tillman G. Titus, Louis J. Waldbauer, Robert G. Wulff. 
The regular program of the American Physical Society consisted of 
53 papers, Numbers 11, 14, 16, 19, 23, 25, 26, 37, 38, 41, 44, 47, 51 and 52 
being read by title. The abstracts of these papers are given in the follow- 

ing pages. An Author Index will be found at the end. 
HAROLD W. WEBB, 
Secretary. 


ABSTRACTS OF PAPERS 


1. A correspondence theorem for the Compton effect. G. Breit, Carnegie Institu- 
tion of Washington.—As has been discovered by Bohr, the frequency emitted by a 
hydrogen atom as it falls from one of its quantized states to another may be expressed as 
a properly taken average of the frequency of the electron in its orbit (or of an overtone 
of that frequency) between the initial and the final state.. In the present paper it is 
shown that the same is true for the Compton effect. The frequency actually scattered — 
is a properly taken average of the frequency which would be scattered on the classical 
theory as the electron is accelerated from its state of rest to its final recoil condition. 
Similarly, the intensity scattered in various directions may be represented as a proper 
average of the intensities scattered on the classical theory. This point of view eliminates 
the difficulty of a constant correction-factor which has been encountered by Compton 
and Woo in their explanation of intensity relations. 


2. Experimental values on the ratio of the modified to the total scattering of x-rays. 
O. K. DE For, Washington University.—Using the null method described at the 
Chicago meeting of the Physical Society for measuring the ratio of the modified 
scattering coefficient s2, to the total scattering coefficient (si+s2), a determination has 
been made for copper and carbon. The wave-lengths used ranged from .2A to .7A while 
the scattering angle was varied from 60° to 120°. The experimental values of s2/(si+-S2) 
appear to be always less than the values of this ratio as calculated from Jauncey’s theory 
(Phys. Rev., 25, 314 and 723, 1925), thus agreeing with the result reported by Woo at 
the Chicago meeting. Further experiments are in progress for the scattering from other 
substances. It may further be remarked that the rate of decrease of the experimental 
values of the ratio of s2/(s;+-52) is greater than the rate of change in the theoretical ratio. 
A possible interpretation of this is that the probability of scattering by an electron 
depends upon whether or not the difference in energy between the primary and scattered 
quanta is sufficient to eject the electron from the atom. 


3. An experimental test of the Raman and Ramanathan theory of the diffraction 
of x-rays by liquids. E. H. Coiiins, University of lowa.—The liquids, ether, water and 
glycerine were inclosed in small, thin walled glass cylinders at the center of the x-ray 
spectrometer and the diffraction curve—intensity of diffracted x-rays plotted against 
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angle from incident beam—was determined by means of an ionization chamber and 
electrometer and compared with theoretical curves plotted from a formula given by 
Raman and Ramanathan. Raman and Ramanathan suggest that ether, because of its 
high compressibility, should give a broad peak in the diffraction curve. The experimental 
curve is found to have a broad peak. However, the theoretical curve plotted from their 
formula is found to be sharp due to the fact that the mean molecular distance is found 
experimentally to be large. The curves for water and glycerine show closer agreement 
but there is no evidence of the uniqueness of the theory. 


4. Photometric measurement of x-ray plates showing the L absorption of tungsten. 
C. B. Crorutt, University of Arkansas.—In previous work (Phys. Rev. 24, 9, 1924) 
both the absorption and emission spectra of tungsten were photographed simultaneously 
on the same plate. It has since seemed advisable to make a photometric analysis of the 
plates showing the absorption bands. The present paper contains an account of this 
work and includes the photometric curves obtained in the region of the three L absorp- 
tion bands. The results are in agreement with the previous results. This work was done 
at the University of Iowa. 


5. The intensity of reflection of x-rays by powdered sodium chloride. R. J. 
Havicuurst, National Research Fellow, Harvard University.—The relative intensities 
of reflection of the Mo Ka doublet from most of the planes between (111) and (8,6,2-10, 
2,0) of powdered NaCl have been measured with an ionization spectrometer, using the 
focusing method of W. H. Bragg, Brentano, Owen and Preston. The powder was pressed 
- into the form of a thin briquet, and adjusted on the crystal table so that the relation 
a/b= sin’a/sin B was always satisfied, where a and 0 are the distances from center of 
crystal table to focal spot and ionization chamber slit respectively; a is the angle between 
the primary beam and the surface of the briquet and 8 =26—a, where 28 is the total 
deviation. The NaCl particles had an average diameter of 8X 1075 cm, so small that the 
effect of extinction (Darwin, Phil. Mag. 43, 800, 1922) is negligible. The experimental 
values of the relative intensities were substituted in the equation given by Darwin and 
_ A. H. Compton for intensity of reflection and values of f? e~? 5"’#/»” as a function of the 
distance between planes and of the electron distribution in the atoms, obtained for 
different values of 6. These values are in fair agreement with those of W. L. Bragg, 
James and Bosanquet (Phil. Mag. 42, 1, 1921) obtained from single crystals of rock-salt, 
after the application to the latter of a correction for secondary extinction. 


6. Secondary electrons from iron; critical potentials. H. E. FARNswortH, Uni- 
versity of Maine.—The magnitude of the secondary electron current from Fe was 
measured as a function of the primary accelerating potential, 0 to 300 volts. Limiting 
curves were obtained for two different specimens of Fe after red-heat treatment and for 
a film of Fe deposited by evaporation. Three different forms of apparatus were used. 
In all cases the curves show sharp maxima at 1.2 and 7.0 volts with minima at 3.7 and 
9.0 volts, and a less sharp maxima and minima at 10.0 and 12.0 volts, respectively. A 
steady upward trend of the curve begins at 12.0 volts, which is interpreted as an ioniza- 
tion potential. Potentials corresponding to the position of the maxima are interpreted 
as resonance potentials. Attempts to locate higher critical potentials than the above 
showed that the positions of slight changes in slope of the curve varied with uncontroll- 
able conditions and with form of apparatus used. These slight changes are taken to have 
no real significance. Disagreement between these results and those of other observers is 
mentioned. While previous results for Cu indicate that a layer deposited by evaporation 
is amorphous, the present results indicate that a similarly formed layer of Fe is crystal- 
line. These experiments were performed at University of Wisconsin last summer. 


7. Voltage-intensity relations of mercury lines below ionization. D. R. WHITE and 
Harotp W. Wess, Columbia University.—Using a special four-electrode tube (hot 
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cathode and three grids) voltage-intensity curves have been obtained in mercury vapor 
for about twenty lines in the wave-length interval 2500-5800A. The voltage-intensity 
relationship for each line appears to be primarily a function of the outer energy level 
involved. This is very clearly shown by two pairs of lines 4358 (262—1s), 5461 (2p, —1s) 
and 2893 (2p.—2s), 3341 (261—2s), each pair of which gave voltage-intensity curves 
practically identical in form. The groups of lines starting at the 3D, 3d and 4D, 4d levels 
show similarities, though not as marked. Abrupt changes of slope are to be observed in 
the curves which seemingly correspond to certain critical potentials. The voltages 
at which the lines first appear agree with theory, as in previous work by Eldridge and 
by Hertz. 


8. Fine structure of the Balmer lines. Wi1L1am V. Houston, National Research 
Fellow, California Institute of Technology.—A Fabry-Perot interferometer can be used 
to measure these doublets without the usual errors due to overlapping of the components, 
if the plate separation is so adjusted that the weaker component comes in the middle of 
the space between adjacent orders of the stronger component. In this way Ha is found 
to have a wave-number separation of about .31, while H@ has a separation of about .33. 
The resolution is such that the difference between these two can be seen by a casual 
examination of the plates. This is explicable on the theory of Sommerfeld, if it is assumed 
that the field within the tube is sufficient to suspend the principle of choice and to cause 
the appearance of those lines corresponding to a change of zero in the azimuthal quantum 
number. If this is true, the short wave-length component of Ha should be a doublet with 
a separation of about .05A. While this has not yet been resolved, the line on many 
plates looks like a close doublet, and further examination will be made with a microphoto- 
meter. 


9. Duration of radiation excited in hydrogen by 10.2-volt electron impacts. F.G 
SLACK and Haro_tp W. WesBB.—Using the method already described (Phys. Rev. 24, 
113, 1924) in which high frequency voltages are applied in phase to the grids of the 
excitation and photo-electric systems of a four-electrode tube, the life of the 2P state in 
hydrogen, excited by 10.2-volt electron impacts was measured. Excitation was produced . 
only in the positive half-cycle and the peak voltage was too low to permit other than the ~ 
10.2 radiation. It is improbable that absorption and re-radiation played any part due 
to the limited amount of dissociated hydrogen. The experimental curve agrees well 
with that calculated on the assumption that starting at the instant of impact the radia- 
tion falls off exponentially. The exponential constant found was .83 X108 sec.-! Unless 
the form of these curves is the result of a lag in the photo-electric effect, as seems im- 
probable, the average time r for an atom lifted to the 2P state by electron impact to 
return to its normal state by the process of emitting \1215.6 is 1.21078 seconds. If 
the photo-electric lag is effective this is the maximum value of r.. The same results were 
found for tubes of different dimensions and for pressures from .075 mm to .25 mm. 


10. The time interval between the appearance of certain spectrum lines in the visible 
region. J. W. Beams, National Research Fellow, University of Virginia.—The experi- 
mental method consisted essentially in a comparison of the time interval elapsing 
between the appearance of two spectrum lines with the time required for light to travel 
a measured distance. The spectra of cadmium, zinc and magnesium in the spark in air 
and the spectrum of hydrogen in condensed discharges at various pressures were studied. 
The time intervals measured are as follows: In the spectrum of cadmium from the spark 
doublet 5378,38 to the line 4800 the time interval was 121078 sec.; from 4800 to 5086, 
1.3X 10° sec.; and from 5086 to 4678, 0.7X10-8 sec. In the spectrum of zinc from the 
spark doublet 4924, 12 to the line 4680 it was 1510-8 sec.; from 4680 to 4722, 210-8 
sec.; and from 4722 to 4811, 1.310-® sec. In the spectrum of magnesium, from the 
spark doublet 4481 to the triplet 5184, 73, 67 it was 8.2X10-8 sec. From 4481 of Mg 
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to 5378, 37 of Cd it was 7.5 X10°$ sec., and from 5378, 37 of Cd to 4924, 12 of Zn, 
9.61078 sec. In the spectrum of hydrogen, Hf appeared first, Hy second and Ha third. 


11. The time interval between excitation and emission for fluorescein. L. G. Hox- 
ton and J. W. BEAms, National Research Fellow, University of Virginia.—Solutions of 
fluorescein at concentrations of 2.510~> gm per cc were investigated. The exciting 
light was limited to the spark lines 4481 of magnesium. It was found that the time elaps- 
ing between the beginning of incidence and the beginning of fluorescent emission was 
(3.2 40.3) X 10-8 sec. for the aqueous solution and (3.7 +0.4) X 1078 sec. for the alcoholic 
solution. In the experimental method about half of the beam of exciting light was inter- 
cepted by the solution, the other half passing on and returning, after reflections, by a 
path whose length could be varied, to a point close enough to the point of division to 
be seen in the same field as the fluorescent light through an optical system (a modification 
of the arrangement of Abraham and Lemoine) which was, in effect, a shutter electrically 
operated by the spark discharge. Its time of closing was advanced until the fluorescent 
light just disappeared from view; then the light path was lengthened until the returning 
light did likewise. The time interval sought was thus made equal to that required for 

light to travel a measured distance. 


12. Band series in infra-red absorption spectra of organic compounds. JosrErH W. 
Extis, University of California, Southern Branch.—A series of outstanding absorption 
bands below 3uy, already attributed to a carbon-hydrogen bond, is shown to fit accurately 
the non-linear equation, vy, X 10-8 =47.37n —0.783n?, (1), where vy is the frequency and 
n=3, 4,5, etc. Numerous secondary absorption maxima in the spectra of both the open 
chain and closed ring types of compounds, containing only carbon and hydrogen atoms, 
fit the linear equation, vm’ X10~-2=10.71m, (2), where m=10, 11, 12, etc. They are 
attributed to a carbon-carbon linkage. All other short wave-length bands can be 
accounted for by simple additive combinations of low frequency members of series (1) 
and (2), » =vy+vm’. Other members of these three series are identified in longer wave- 
length spectra obtained by Coblentz and other investigators. 


13. The quantum analysis of the rotational energy of certain molecules. RAYMOND 
T. BirGE, University of California.—The formulas recently derived for the constants 
of the molecular law of force enable one to calculate, from data on a set of vibrational 
states, the higher order terms of the rotational energy function. This must be assumed an 
even-powered function of the nuclear momentum m. The rotational energy data may 
thus be reduced to a theoretically linear equation whose two constants give the most 
probable values of the moment of inertia» and electronic momentum e. This method was 
suggested to the writer by E. C. Kemble. The results in the case of CuH give evidence 
in favor of half-integers for the resultant momentum of the molecule, and for the initial 
excited state alone, require a small value of ¢ (0.0059), which iucreases with m. The 
variation in « is due presumably to the warping of the electron orbits, caused by the 
nuclear rotation. This new method uses all of the data, in determining J) and e, and to 
this fact is due its great accuracy. Separate papers give the results in the case of the 
Swan bands and the AIO bands. In all cases the resultant electronic momentum and 
nuclear momentum are parallel and in the same sense. 


14. Molecular constants determined from the Swan bands. J. D. Sura and R. T. 
BirGE, University of California.—Using the method recently developed for obtaining 
accurate values of the moment of inertia J) and electronic momentum « of certain types 
of molecules, the following results have been obtained for the rotational energy F (in 
wave-numbers) of the non-vibrating molecule. For the initial state #=1.7541m*— 
6.911 X10-%m*+1.22X10-m®, where m=k—e=k—(0.0989+1.746 X10-*R?). & is a 
half-integer and represents the resultant molecular momentum. Hence Jo= 253792<X10-4. 
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For the final state F= 1.6295m?— 6.594 X 10-%m4+1.73 X10-Um, where m= k — (0.07414 
0.964 X 10-52). Hence J>=17.00010-”. These constants have been obtained from 
the middle component of the triplets of the Swan bands. The values of Io and « are 
surprisingly similar to those for the second positive group of nitrogen (known to be due 
to Nz) and since the HC’CH molecule has the same number of electrons and nearly the 
same mass as Ne, this may be the emitter of the Swan bands, if such a molecule can 
vibrate and rotate like a dipole. The above values of Jp should be accurate to 0.10 per- 
cent, and replace the previous approximate values (Phys. Rev. 25, 716, 1925). 


15. The combination relation in the \3064 OH band. WILLIAM W, Watson, Uni- 
versity of Chicago.—The P,Q,R combination which holds for any normal band is not 
satisfied in the MgH and OH bands, the defect being as great as 34 cm at m= 22 in the 
3064 OH band. New measurements have been made on this band, and satellites of the 
-Q lines have been located which, when combined with the main P and R lines, give the 
required combination. As predicted by Dieke, these satellites are found to be farther 
from the main lines than those reported by Fortrat. The possible rotational energy 
levels are considered. 


16. Spectroscopic investigation of acetylene, methane and ethylene. FRANK C. 
McDonaLp, University of Chicago, (introduced by Harvey B. Lemon).—Although an 
attempt to obtain emission spectra from acetylene, methane and ethylene (in tubes of 
the Wood type, in tubes using an oxy-cathode, and in mixtures with helium subjected to 
a wide variety of pressures and methods of excitation) have failed to reveal any bands 
definitely ascribed to these complete molecules, a new band spectrum has been observed 
when methane, in a Wood tube, at a pressure of about 2 mm, is excited by a violent 
disruptive discharge. This spectrum consists of three bands degraded to the red, with 
heads at 2263, 2367, and 2395A. Their location where the dispersion of the quartz 
spectrograph is large and their open character make possible a study of their fine struc- 
ture, which is now in progress and which it is hoped will reveal their relation to other 
hydrocarbon spectra. Methane and ethylene in tubes 150 cm long with quartz ends, at — 
pressures up to 90 cm show no absorption, while the absorption of acetylene begins at 
shorter wave-lengths than that reported by Henri. 


17. ‘‘True half breadth” of absorption lines. THomas M. Daum, University of — 
Idaho.—True half breadth is discussed by Harrison and Slater. (Phys. Rev. 26, 176, 
1925, and 25, 783, 1925.) While the shape of the T (transmittancy) curve varies with 
x, the shape of the log.loge(1/T) curve is independent of x. For infinitesimal x, log-log. 
(1/T) =log.(1—T) =loge (absorption). Hence “true half breadth” may be obtained by 
measuring the length of horizontal line drawn at distance log.2 below crest of log,log. 
(1/T) curve, provided there is no general absorption. If ko, #1 and kz are absorption 
coefficients at Ao, A; and Ae, where Az—Ap=2(Ay—Ao), Ro(4k2—k1) —3kik2=0, with no 
general absorption, assuming Slater’s Eq. (9). Ko(4K2—Ki1) —3K1K2=A, if there is 
constant general absorption. Reducing each experimentally determined K by amount 
Ki=A/(3K.—4K,+K,) corrects for general absorption. A new curve of logelog.(1/T), 
or of log. k which has the same shape, may be plotted and the “half breadth” found 
graphically, as above. k! need not be found by trial as in Slater’s method, and CiC: is 
determined directly from the curve. If general absorption is variable, of amount k!, 
ki-+-a, k1+2a, at Xo, M4, A2, ki=A—a(7Ky)—6K1—3K2+6a)/(3Ko—4K,+K:2+2a), a 
being determined by trial, provided it is small enough not to displace \» too much. 


18. The absorption spectra of the vapors of aluminum, gallium, indium and thallium 
in the ultra-violet. Joun G. Frayne, Antioch College, and ALPHEUS W. SmiTuH, Ohio 
State University.—(1) Absorption in heated vapors. The metals were vaporized in a 
graphite tube 15 cm long heated with an oxy-acetylene torch to 2000°C. A tungsten 
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under-water spark provided a continuous spectrum. Aluminum. At about 1200°C 
the first seven pairs of the first subordinate series were absorbed. The relative intensities 
disagree with the Bohr theory. No absorption was observed for the second subordinate 
series. Gallium. At a temperature of about 1500°C, 17 prominent lines appeared, 
including the first four pairs of the first and second subordinate series and the 5th term 
of the 2p,—ms series. Indium. At about 1200°C 18 lines appeared, including the first 
three pairs of the first subordinate series, the first 5 pairs of the second subordinate 
series and the 4th term of the 2p:—md series. Thallium. At 400°C 4 lines of the 2p.—ms 
and 4 of the 2p;—md series appeared, widening into bands with increasing temperature. 
At 800°C lines from the 2; level appeared as fine absorption lines. (2) Absorption in the 
arc. A bead of the metal was placed in the crater. Aluminum. Ina 15 amp. arc the lines 
of the 2h2—md and 2:—md series, m=5 to 11 were completely absorbed. Indium. 
The lines 262—2s, 262 —3d, 26,—2s and 2p:—3d were completely absorbed. 


19. Interference in a spectrometer with white light and wide slit. H. M. ReEesr and 
L. E. Pinney, University of Missouri.—The ring-pattern from a Fabry-Perot interfer- 
ometer is focussed upon the slit of a non-astigmatic concave grating spectrometer. With 
illumination in white light, a series of curved interference fringes is found, as expected, 
in the focal surface of the spectrometer. It was observed, however, that although the 
fringes disappear when the slit is widened a little, they reappear if the widening is con- 
tinued. For slit-widths ranging from zero to 1.5 or 2 mm, 9 or 10 disappearances and 
reappearances of the fringes can be observed in the green region, and more at shorter 
wave-lengths. A theory of the phenomenon, involving some approximations, is presented 
and shown to be in quantitative agreement with the observations. 


20. Optical constants of single crystal bismuth. L. H. Rowse, University of Iowa, 
(introduced by E. P. T. Tyndall).—The index of refraction and extinction modulus for 
light traveling parallel to the optic axis were determined by measuring the ellipticity 
produced by reflection from the cleavage surface of single crystal bismuth. A Stokes 
analyser was used and readings were taken in the visible spectrum only. The index of 
refraction rises from 1.05 at 470 my to 1.55 at 670 mu, while the extinction modulus 
rises from 2.7 at 470 my to 3.6 at 670 mu. The computed reflectivity lies between 65 
and 70 percent. The results are compared with those of other observers made on 
polished surfaces. 


21. Optical constants of molybdenite in the ultra-violet. ALFRED W. MEYER, Uni- 
versity of Iowa, (introduced by E. P. T. Tyndall).—The index of refraction and extinc- 
tion index for light transmitted parallel to the optic axis in crystals of molybdenite were 
determined by measurements of the ellipticity produced by reflection at a cleavage sur- 
face. Minor’s method was used. The index of refraction rises to a maximum of 7.8 at 
480 my and falls to 2.7 at 330 mu. The extinction index rises steadily from 0.35 at 500 
mu to 1.0 at 360 my and remains constant to 330 mp. The reflectivity is computed and 
compared with results of other observers. 


22. Luminescence of Grignard compounds in magnetic and electric fields. R. T. 
Durrorp, DorotHy NIGHTINGALE, and L. W. Gappum, University of Missouri.— 
The writers in co-operation with several other workers, have investigated the effects 
of electric and magnetic fields on the luminescence of organo-magnesium halides in 
ether solutions. In magnetic fields of the order of 15,000 gauss, the luminescence due 
to oxidation in air or oxygen is found to be notably brighter in the more intense part of 
the field. Polarization of the light appears to be nearly if not completely absent. It is 
impossible to apply large electric fields, on account of the abnormally large conductivity 
of such solutions. With voltages up to 1500, it is found that the compounds that give 
luminescence on oxidation with O, give light at the anode, but the brightness is not in 
the same order as with O2. Polarization appears to be absent here also. 
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23. On the spectroscopic examination of the striated discharge in mixed gases. 
Davip A. Krys and M. Home, McGill University.—Continuation of the work on the 
striated discharge in hydrogen (Trans. Roy. Soc. Canada, 19, 143, 1925) using the 
same apparatus but mixtures of (1) hydrogen with helium and (2) hydrogen with 
nitrogen gave the following results. In the mixture of helium and hydrogen, the Ha 
line is hardly visible in the negative glow but strong in the striation. The H@ line, 
however, is easily visible in the negative glow, i.e., its intensity is stronger than Ha, 
but in the striation it is weaker than Ha. With a mixture of nitrogen and hydrogen, the 
Ha and HB lines are strong in the negative glow but not detectable in the striation. This 
is the reverse of what was found in helium and hydrogen. When only hydrogen is used, 
the Ha and Hf lines are stronger in the negative glow than in a striation. 


24. Resonance potentials in gallium and indium vapors. C. W. Jarvis, Ohio Wes- 
leyan University, (introduced by Alpheus W. Smith).—The critical potentials of gallium 
and indium were investigated by the methods of inelastic impact. The tube containing 
the vapors was the differential type used by Hertz but so arranged that by making the 
proper electrical connections it could be used as a simple three-electrode tube. The three 
following methods were employed to detect direct ionization: (1) the change of the nega- 
tive space charge, (2) the Lenard method, (3) the modification of the gap resistance. 
The results obtained for gallium are: (1) 3.06+.05 volts. This resonance potential 
corresponds to 44033 A and the transition 2p2—2s. (2) 4.22 +.05 volts which corresponds ~ 
to \2874 A and the transition 26.—3d2. In gallium there was evidence of weak ionization 
at about 6 volts and a stronger second ionization at about 13 volts. Two resonance 
potentials were also observed for indium. They are as follows: (1) 3.03 .05 volts corre- 
sponding to 44102 A and the transition 2p2—2s. (2) 4.07+05 volts corresponding to 
\3039 A and the transition 2 p2—3ds. In indium as in the case of gallium there was 
evidence of weak ionization at about 6 volts and a stronger second ionization at about 14 
volts. The failure to get satisfactory ionization for these metals at the voltage corre- — 
sponding to the first ionization potential is attributed to the small vapor pressure at the 
temperature used in these experiments, namely 500° to 600° C. 


25. Low voltage arcs in iodine. H. F. Frura and O. S. DUFFENDACK, University 
of Michigan.—Low voltage arcs in monatomic and molecular iodine were investigated 
together with their spectra. From a study of the current-voltage characteristics it was ~ 
concluded that 6.5 volts is the minimum radiating potential of the atom, 8.0 the ionizing 
potential of the atom, and 9.5 the ionizing potential of the molecule. Non-oscillating 
abnormal low voltage arcs were maintained down to 4.9 volts and oscillations were 
observed around 12 volts. With arc currents of about 2 amperes the filament current 
could be cut off and the arc sustained indefinitely at 30 volts or above. The spectrum 
of the 4.9 volt arc contained only 3 lines, (A\2062, 2535, 3135) the continuous band 
3460, and several groups of bands. At slightly higher voltages arc lines appear and at 
8 volts the strongest spark lines begin. These lines are succeeded by new ones at higher 
voltages making it seem probable that the stripping of the atom is in progress. Peculiar 
behavior of the lines 2535 and 3135A was observed. Three continuous bands (at 4080, 
4300, 4800A) are present in molecular but disappear in atomic iodine. A band system 
lying between 2224 and 2050A was observed, and two groups of four bands each were 
found at 2880, 2833, 2776, 2716A and 2480, 2379, 2290, and 2243A. 


26. The magnetic properties of atomic rays of the alkali metals. JoHN B. TAYLOR, 
University of Illinois, (introduced by Jacob Kunz).—The direct experiments of Gerlach 
and Stern on space quantization with atomic rays of silver, have been repeated in a 
simplified apparatus. A broadening of the atom stream was found, rather than the 
actual splitting which Gerlach and Stern were able to detect. The splitting would 
probably be obtained with narrower slits. Work is now in progress on the alkali metals. 
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In order to insure deposition of the alkali metal to form an image of the slit, it is necessary 
to cool the plate with liquid air. Preliminary results on sodium indicate a broadening 
of the image by a magnetic field as in the case of silver, but the effect obtained so far is 
too small to establish the conclusion beyond doubt 


27. Conductivity of activated nitrogen. Puirir A. CoNnsTANTINIDES, University of 
Chicago, (introduced by H. B. Lemon).—The conductivity in activated nitrogen pro- 
duced by an electrodless discharge has been directly measured. Nitrogen gas moving 
with a uniform velocity has been activated in a bulb, and then passed in an ion chamber 
consisting of a metal tube charged to suitable potentials with respect to an electrode 
along its axis connected to an electrometer. The ion current when plotted as a function 
of the cylinder potential follows Ohm’s law to the neighborhood of saturation potential. 
By increasing the potential beyond the saturation potential an increase of ion current 
is observed in the vicinity of the ionization potential of N2. 


28. Theory of the cathode of an arc. J. J. SLEPIAN, Westinghouse Research Labora- 
tory, East Pittsburgh.—It is generally believed that thermionic emission at the cathode 
is essential for the maintenance of an arc, although a number of serious objections have 
been raised against this view. K. T. Compton has explained the conductivity of the 
positive column in an arc by thermal ionization of the gas. The author shows that this 
hypothesis of thermal ionization of the gas may also explain the passage of current to 
the cathode so that liberation of electrons from the cathode is not necessary, the current 
being carried to the cathode by positive ions. Quantitative calculations by equations of 
Saha and Langmuir give reasonable values for the temperature of the gas. 


29. The positive ion emission from a mixture containing Fe, Al and Cs, and the work 
function ¢, for Cs from this mixture. C. H. KUNsMAN, Fixed Nitrogen Research Labor- 
atory, U. S. Department of Agriculture.—A mixture consisting of magnetite to which 
about 1% of Al-oxide and about 4% Cs in the form of caesium nitrate was fused in a 
resistance furnace, where the material itself was the resistor. This mixture furnished 
a very definite source of positive ions when used as a hot anode in a vacuum, The 
magnitude of the ion current depended upon the previous gas treatment and state of 
reduction of the material. After a thorough degassing and glowing in a vacuum, the 
positive ion current was sufficiently constant at a given temperature so that a very 
definite and reproducible value of the work function, ¢ 4 =2.37 volts, was obtained by 
means of Richardson’s equation Petaye ct for temperatures from 962° to 1185°K. 
That this emission was largely positively charged ions of Cs was determined by the 
electron emission characteristics of a tungsten filament, placed so as to collect some of 
the positively charged particles. The reduced mixture of the oxides of Fe, Al and Cs is 
a good catalyst for the synthesis of ammonia from N, and H2. 


30. Departures from Ohm’s law and theories of metallic conduction. K. T. Comp- 
TON, Princeton University.—Four years ago Bridgman reported departures from Ohm's 
law of the order of one percent for current densities of the order of 10° amp. per cm? in 
gold and silver. It is shown that such departures render untenable Thomson’s ‘‘second”’ 
(or doublet) theory of conduction, but are of the order to be expected on the classical 
free electron theory. The classical electron theory expression for conductivity is used, 
except that account is taken of the fact that the electrons are not in thermal equilibrium 
with the atoms but have greater energies on account of the field. These energies are 
calculated after the manner of ‘‘terminal’” energies. The electronic free path can be 
calculated from the experimental data by 

1=(aT/Ee)[(9.072m/M)(o—o')/o}? 
where o and a’ are the conductivities at low current density and with potential gradient 
E, respectively, m and M are electronic and atomic masses and aT is the mean kinetic 
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energy of the atoms. The free path / comes out 2.85(10)~* cm for gold, a value consistent 
with other indications. Critical experimental tests of the theory are suggested by the 


equations. 


31. The resistivity of liquid alloys. C. V. Kent, Kansas University.—The expres- 
sion p=2mW/Ne? for the resistivity p of a metal (W being the free electron impact 
frequency and N the free electron density) in the simple electron theory, is consistent 
with electrical and optical data for molten metals and alloys (C. V. Kent, Phys. Rev. 
14, 459, 1919, and 23, 479, 1923). W and W seem to be linear functions of the atomic 
or molecular percent of one component in the alloy, or of one component in the com- 
ponent-compound alloy when such compound (or aggregate) is indicated by the melting 
point diagrams. The atomic concentration-resistivity graph should then be one or more 
sections of rectangular hyperbolae. This conclusion has been tested from the data of 
others and for some obtained by Mr. Geo. Emery and the writer, and is apparently 
confirmed. Furthermore the free electron concentration is independent of the tempera- 
ture, the entire temperature change in resistivity being due to the variation in the 
free electron impact frequency with the temperature. The data available are generally 
insufficient and further experimental work is in progress. There is some evidence that 
the resistivity curves of some solid alloys obey the same laws. 


32. The location of the electromotive forces in galvanic cells and thermocouples. 
W. H. RopesusH, University of Illinois.—Electromotive forces may be classified as 
(1) electromagnetic, (2) electrostatic, (3) electrokinetic. In the galvanic cell the 
conclusion is drawn that the principal e.m.f. resides at the junction of electrode and 
solution. There is neither an e.m.f. nor a difference of potential of appreciable magnitude 
at the metallic junctions. In the thermocouple the e.m.fs. are electrokinetic. The 
second law of thermodynamics does not indicate the location of these e.m.fs. but the 
first law requires them to be associated with heat effects. In a thermocouple with infini- 
tesimal temperature difference between junctions these e.m.fs. are to be referred to the 
junctions. This conclusion can be extended to cases where a finite temperature difference 
exists. 


33. Experiments with standing electromagnetic waves produced by means of a short 
wave electron tube oscillator. ALEXANDER Marcus, College of the City of New York.— 
For laboratory experiments with electric waves about two meters in length, the following 
type of short-wave generator has been found convenient. A linear oscillator adjustable 
to a length of about one meter is energized by means of an oscillating circuit consisting 
of a single turn of wire about four inches in diameter, with its ends connected to the grid 
and plate respectively of an ordinary electron tube like the 201A type. The wire 1s 
broken at its midpoint and a variable condenser having a maximum capacity of 0.0001 
mf is inserted for the purpose of facilitating the tuning of the closed driving circuit to 
the fundamental wave-length of the linear oscillator. The latter has a hot-wire meter at 
its center to indicate the production of a current antinode at resonance. The polarized 
waves radiated by the linear oscillator may be conveniently detected by means of a 
similar linear oscillator with a thermal galvanometer inserted at its middle point. With 
the help of a grid of several parallel wires it is easy to produce standing waves having 
prominent nodes and loops in a room of ordinary size. A pair of Lecher wires loosely 
coupled to the driving circuit affords a check method of measuring the wave-length. 


34. Application of a vacuum tube multimeter to electrical measurements at radio 
frequencies. S. LeRoy Brown and M. Y. Cosy, University of Texas.—The usual 
low frequency voltmeter-ammeter methods of measurements can be extended to include 
audio and radio frequencies by the use of a vacuum tube meter utilizing two triodes. 
The grid potential of the first tube is lowered proportionally to the peak value of the 
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applied voltage; this decreases the plate current of the first tube and the direct potential 
drop across a high resistance in its plate circuit is so applied in the grid circuit of the 
second tube that the result is an increase in the plate current of the second tube which is 
measured by a direct current micro-ammeter. This instrument is so constructed that 
its input impedance is very high, it is independent of the nature of circuit to which 
it is connected and its registration is independent of frequency up to a million cycles per 
second. The lowest measurable electromotive force is about .05 volts and, therefore, 
with a non-inductive resistance of 1000 ohms, a current of 50 micro-amperes can be 
measured. Other applications of the instrument are: testing of audio and radio trans- 
formers,.measurement of induced electromotive force in loop aerials and the intensity 
of harmonics, and the detecting of bridge balance. 


35. Accurate measurement of small capacities. WILLIAM SCHRIEVER, University of 
Oklahoma.—The capacity of an electrometer and its connections may be obtained by 
the usual condensers-in-parallel method but the results will not be accurate unless the 
capacity of the shielded connecting wire is taken into account. By connecting each of 
two cylindrical condensers (alike in every respect except length) to the electrometer 
system in exactly the same way, it is possible to eliminate the ‘‘end-effects” in the calcu- 
lations. These ‘‘end-effects’’ include the errors due to the finite length of the condensers 
(formula for capacity of concentric cylinders per unit length assumes them to be of 
infinite length), the errors due to the presence of insulating material between the parts 
of each condenser, and the errors due to the capacity of the wire connecting the con- 
densers to the electrometer system. A constant source of ionization is required. 


36. Measurement of the high frequency resistance of coils. R. R. RAMSEY, Indiana 
University.—The high frequency resistance of a coil is measured by comparing the heat 
(7R losses) produced in the coil by a radio frequency current (10° cycles) to the heat 
produced by a d.c. current in a known resistance. A differential thermometer is made 
of two inverted Pyrex beakers cemented to glass plates. Through each glass plate two 
electrical connections and a glass tube are cemented. The glass tubes are connected 
to a U-tube half filled with water. The coil to be measured is placed in one beaker and 
the known d.c. resistance is placed in the other. The heat developed in the two coils as 
indicated by the water in the U-tube is made equal by varying the d.c. current. The 
high frequency resistance of the coil is found to be less than that found by measuring 
the resistance of the circuit by the usual method in which the resistance of the condenser 
is assumed to be negligibly small. With a constant frequency the difference increases 
with the inductance of the coil. 


37. The variation of the resistance of condensers with dial setting at radio frequent 
cies. A.E. MAIBAUER and T. SMITH TayLor, Bakelite Corporation.—In the measuremen- 
of the power factor of insulating materials by the resistance variation method, or by the 
substitution method, it has been customary to consider the resistance of the standard 
condenser as negligible compared with that of the sample under test. The writers were 
aware of the fact that this assumption was not justified and have determined the values 
of the effective series resistance of two condensers used as standards in power factor 
measurements. Use was made of a standard condenser made from two adjustable parallel 
plates. This condenser having either nothing but air, or very small pieces of Pyrex glass 
or mica as dielectric had as small an effective resistance at 1,000,000 cycles as it was 
possible to obtain. Curves are given which show how the resistances of condensers vary 
with dial settings. 


38. A new type of electromagnetic wave-meter. W. W. SALISBURY, University of 
lowa, (introduced by C. J. Lapp).—A high degree of accuracy and sensitivity are 
obtained by using a combination of a two element vacuum tube and direct current 
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galvanometer, which measures the voltage across the condenser in the resonant circuit 
instead of the current in the inductance as is the common practice. The small amount 
of energy necessary to operate this indicator makes possib'e a very sharp resonance peak, 
Its sensitivity allows it to be operated so far from the source of the waves that it does not 
effect the wave-length. A new method of locating nodes on Lecher’s wires makes possible 
greater accuracy than has previously been obtained in such measurements. The wave- 
meter is calibrated, with the aid of these wires, for wave-lengths between 3 and 100 
meters. 


39. An electrical frequency meter of wide range. HomMER L. DopGE, University of 
Oklahoma.—The paper describes a direct-reading, electrical frequency meter of wide 
range made up of standard electrical laboratory equipment consisting principally of 
condensers and an a.c. milliammeter. 


40. Dielectric constant of helium and oxygen in a magnetic field. B. B. WEATHER- 
py and A. Wo r, University of Pennsylvania.—The heterodyne beat method was used 
to detect a possible change in the dielectric constant of gases, due to space quantization 
in a magnetic field. A condenser, forming a part of one oscillating circuit of about 
1,000,000 cycles frequency, was filled with the gas investigated and the magnetic field 
then applied.. The results obtained show that for helium (20 cm pressure), air (76 cm) 
and oxygen (76 cm) at room temperature there is no change in the dielectric constant to 
1 part in 500,000. The magnetic field was of the order of 8000-10,000 gausses, while the 
electric field was estimated at 5000-10,000 volts/cm. The tests were carried out with the 
direction of the electric field both parallel and normal to the direction of the magnetic 
field. This work was suggested by theoretical considerations in an article by Ruark 
and Breit (Phil. Mag. Feb. 1925). 


41. Effect of deposition-temperature on the magnetic properties of evaporated nickel 
films. R.L. Epwarps, University of Iowa.—Uniform nickel films of thickness 30muz to 
300m were produced by evaporation on an aluminum foil base. Deposition occurred 
at temperatures ranging up to 250°C with a vacuum in most cases better than .003 mm. 
The magnetic properties were quantitatively determined with fields up to 139 gauss. 
Films deposited on an unheated surface were found to be only slightly magnetic, but 
for such films, the coercive force was also very small. The effect of maintaining films at 
a relatively high temperature during deposition was to greatly increase the permeability 
for large fields, and to increase the coercivity in a still greater ratio—that is, to increase 
both dimensions of the hysteresis loops. Loops plotted on the same scale of magnetic 
induction and field strength varied in area more than ten-fold due to this cause. Areas 
more than eighteen times as great as for annealed bulk metal were obtained. Presumably 
the films were crystaline, and their formation on a heated surface would produce larger 
crystals, yet such films were harder physically as well as magnetically than those 
produced on unheated surfaces. 


42. Thermo-electric power and the Hall coefficient. C. W. Hraps, Rice Institute.— 
The simpler theories of free electrons in metals make the Hall coefficient depend only 
on electron concentration. The thermo-electric power of a couple depends on the ratio 
of electron concentrations in the two metals. A relation between Hall coefficient and 
thermo-electric power is thus to.be expected. Experiments performed on Bi and Sb 
show a Hall coefficient decreasing as the magnetic field increases while the thermo- 
electric powers of these metals with respect to copper increase. For crystalline graphite, 
increasing the magnetic field increases the Hall coefficient and decreases the thermo- 
electric power. No other non-magnetic metals have been found to have a variable 
Hall coefficient or thermo-electric power (with the possible exception of Te) so the 
tentative rule may be stated: If the Hall coefficient of a non-magnetic metal varies 
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with the field the thermo-electric power of that substance will be found to vary in a 
converse way with the field. Richardson has suggested that any cause producing a 
continuous alteration of electrical conductivity at a given temperature should produce 
a corresponding alteration of the thermo-electric power. A magnetic field acting on 
graphite does not appear to behave in accordance with this suggestion. 


43. A ‘‘Node”’ at the source. G. W. Stewart, University of lowa.—Current litera- 
ture shows a fairly general misunderstanding concerning the nodal location of the 
vibrating source in the Kundt’s tube and in the Melde transverse string and fork experi- 
ment. It is shown by theoretical deduction that this source is one-half wave-length 
from the nearest node, that it is located more correctly at a mode than ‘“‘near a node” or 
“practically at a node.” Experimental justification is also cited. The motion of the 
source is the cause of the misunderstanding, but the source, a boundary between two 
media, has a displacement that is exceedingly small compared to a wave-length and 
reflects and permits stationary waves to form just as if it were stationary. 


44. Measurement of air velocity by means of a Rayleigh disk. C. N. Watt, Uni- 
versity of Illinois, (introduced by F. R. Watson).—A Rayleigh disk was suspended by 
means of a quartz fiber in a pipe through which flowed a uni-directional stream of air 
from a constant pressure tank. By independent measurements of the air velocity and the 
resulting torque exerted upon the Rayleigh disk an empirical relation between the two 
quantities was established. It was found that the torque exerted upon the disk by the 
air stream is proportional to the 1.7 power of the air velocity instead of to the square 
of the velocity as predicted by the classical theory. 


45. The vapor pressure of solid potassium amalgams. FRANKLIN E. POINDEXTER, 
- Washington University.—A Buckley ionization gauge was used to measure the vapor 
pressure of three potassium amalgams ranging in concentration from 5:1 to 15; 1 
mol ratio of Hg to K. The vapor pressure of each amalgam was measured at a number of 
temperatures which were determined by means of a platinum resistance thermometer. 
The pressures measured varied from approximately 10-* mm to 107% mm over a maxi- 
mum temperature range of from —24°C to 28°C. The log » vs 1/T graphs for the differ- 
_ ent amalgams were found to be approximately straight lines. The heats of reaction 
were calculated by means of the Van’t Hoff reaction isochore, the pressures at different 
temperatures for these calculations being taken from the log p vs 1/T graphs. These 
heats were of the order of 25,500 cal. per gram molecule of amalgam. The corresponding 
heats of reaction for sodium amalgams, as reported at the Chicago meeting of the Physi- 
cal Society, were found to be of the order of 14,500 cal. 


46. The relative importance of the Bernouilli principle and of viscosity in aspirator 
action. E. L. HARRINGTON, University of Saskatchewan.—Although the Bernouilli 
principle is cited in most text books of physics as the complete explanation of aspirator 
action it is found from both theoretical considerations and experimental study that 
the viscosity of air is really by far the more important factor to be considered. Aspirators 
designed to more thoroughly utilize the latter are described and shown to be many times 
as efficient as those designed to utilize’only the Bernouilli principle. 


47. Measurements on the thermal expansion of fused silica. W1LMER SOUDERand 
PETER HipNERT, Bureau of Standards.—Expansion tests were made on transparent 
and non-transparent fused silica over various temperature ranges between —125° and 
+1000°C. Seventeen samples of fused silica were examined on which a total of 48 expan- 
sion tests were made. A detailed description of the apparatus and the methods used in 
this research and a summary of available data obtained by previous observers on the 
thermal expansion of fused silica are given. A critical temperature or minimum length 
was found at about —80°C. Expansion occurred on heating fused silica above the 
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critical temperature or on cooling below this temperature. Typical expansion curves 
are shown and discussed, and the authors’ average expansion curve compared with the 
results of previous investigators. The following table gives average coefficients of expan- 
sion derived from the data on all samples for various temperature ranges. 

Average Coefficients of Expansion per Degree Centigrade of Fused Silica. 


20 to 60°C : 0.4010: 20 to 600°C : 0.53 10>; 
20 to 200 : .50; 20 to 750 : .50; 
20 to 400 : .55; 20 to 1000 : .48. - 


48. Piezo-electric effect in sodium bromate. JosErpH VALASEK, University of Minne- 
sota.—The general problem of deduction of physical properties of crystals from their 
structure and kinds of atoms is a difficult one for which there may be some possible 
simplifications. Certainly, however, the replacement of the ions in sodium chlorate and 
bromate by point charges, leaves much of their piezo-electric moment unaccounted for. 
Experimentally, it is found that the change in the lattice constant of sodium bromate 
with temperature, which is given by the coefficient of thermal expansion, is 0.0000286, 
while the temperature coefficient of the piezo-electric constant is roughly one hundred 
times as large. This is entirely out of proportion to the change one would expect from a 
simple expansion of all atomic distances. By using different temperatures one can 
obtain the same piezo-electric constant from the sodium chlorate and bromate. This 
requires only a reduction of the bromate lattice by 10 percent of the difference between 
the two, that is, the bromate must be about 100°C cooler than the chlorate. The data 


show that the use of point charges instead of the ions in the crystal lattice cannot give — 


correct results, and show the magnitude of the discrepancy. Details will be published 
later. 


49. Thermodynamics of thermionic phenomena. N. RAsHEvsKY, Westinghouse Re- 


search Laboratory, East Pittsburgh, (introduced by Dayton Ulrey).—An attempt is made 
to reduce all thermodynamical treatments of thermionic phenomena to the most general 
and exact form. In connection with this the kind of assumptions and approximations 
underlying all the thermodynamical methods used at the present time are investigated. 
Special attention is given to the réle of the positive ions in the solid as well as in the gas- 
eous phase and their possible mutual interaction with the electrons. Using the outlines 
of this general method, results obtained in a previous paper (Zeits. f. Phys. 33, 606, 1925) 
as to the influence of pressure and the réle played by the chemical constant of the emitter 
are confirmed, and furthermore are shown to be independent of the special assumptions 
made in that paper. In connection with a recent paper by W. Schottky the question is 
discussed as to whether the law of emission is the same for all substances or whether 
it may be different for elements and compounds. 


50. Simple demonstration of the constancy of mass. J. A. ELDRIDGE, University of 
Iowa.—The content of the electromagnetic field equations is very nearly the same as 
that of restricted relativity. It is well known that many of the results of relativity were 
obtained much earlier by electromagnetic reasoning. The purpose of this paper is to 
show as simply as possible the variation of mass with speed and to make the mass concept 
more concrete. The relation between the charge and the Faraday tube of force is like 
that between a spider and its thread—the tube of force furnishes not only the accelerat- 
ing force but also adds to the mass moved. The charge, if accelerated in the direction of 
its velocity, adds to itself a Faraday tube; a transverse (i.e. centripetal) acceleration 
means no accumulation of mass. These concepts give numerically the variation of mass 
with velocity and the difference between longitudinal and transverse mass. This picture 
of the diffuse stationary mass being absorbed by the denser moving mass is quite general 
and illustrates the general principle of conservation of mass. 
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51. An oscillographic study of atmospherics. Roy H. Mortimore, University of 
Jowa, (introduced by E. P. T. Tyndall).—The variations of potential accompanying 
lightning flashes induced current in a critically damped antenna. The potential across 
a series condenser in the antenna was amplified with a resistance coupled amplifier the 
output of which was connected to a Duddell oscillograph. The photographic records 
obtained show that the impulses are unidirectional, aperiodic, and vary in duration 
from 500 to 8000 micro-seconds. 


52. The energy levels of the carbon monoxide molecule. RayMonp T. Brrckg, Uni- 
versity of California.—It is possible to arrange all of the fourth positive group of carbon, 
and also Lyman’s ‘‘fifth positive group” and nearly all the remaining previously un- 
assigned bands in one quantum system of some 150 bands, given by v = 64,721 -+(1499.28’ 
—17.24n") —(2147.74n"’ —12.703n’”), where n’ varies from 0 to 14, and n”’ from 0 to 22. 
The distribution of intensity is a typical one, similar to that for the aluminum bands. 
The expected portion of these bands has been found by Leifson in absorption in cold 
carbon monoxide, and this system therefore represents the fundamental “‘resonance’”’ 
system of CO. The Angstrom CO bands have as a final state the initial state of this same 
system. Duncan has unknowingly measured the excitation potential of the first negative 
group of carbon (due to CO*), from which one obtains 14.2 volts for the ionization po- 
tential of CO. Therefore the relative energy values of three electronic levels for CO, and 
three for CO* are now known, and also the excitation potential for the fourth group of 
carbon (8.0 volts, ‘‘resonance potential’’), Angstrom CO bands (10.7 volts), comet-tail 
bands (16.7 volts), first negative carbon bands and the ‘‘combination bands” of CO*+ 
(19.8 volts). 


53. The structure of molecules. RAyMoNnpD T. BIRGE, University of California.— 
Recent developments in band spectra indicate that there are in diatomic molecules 
electronic energy levels which may be designated s, p, etc., and which have a multiplicity 
similar to that of a certain “‘corresponding’’ atom. New quantitative examples of this 
are given for CO, N. and NO. The results for CO (previous abstract), together with those 
for N2, Hz: and He, indicate that these molecular levels are given also at least approxi- 
mately by the formulas of line spectra. Hence the structure of the outer electrons of 
molecules must be very similar to that of the ‘“‘corresponding”’ atom (CO and N,j like 
Mg, CO* and N,* like Mgt, CN and BO like Na, NO like Al, etc.), as already suggested 
by Mulliken and Mecke. Moreover, in CO, COt, NO, CN and BO, the frequency of 
vibration of the dipole is less, and consequently the moment of inertia is greater, when 
the radiating electron is in a p level, than when inany s level. This seems to be evidence 
that the radiating electron moves in a protruding path, to give the valence properties, 
which also penetrates to varying degrees the region between the two nuclei, and so plays a 
definite role in determining the strength of the chemical bond. 
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THE NATURAL BETA-RAY SPECTRUM OF RaD* 
By Ls Curtisst 


ABSTRACT 


The natural §-ray spectrum of RaD has been photographed and the energies 
of its lines directly compared with those of the RaB B-ray spectrum in the 
same region. The RaB line Hp =660.9 as measured by Ellis and Skinner! has 
been taken as a standard reference line. The following values for the energies 
of the lines have been determined: 


Energy 

No. Intensity Hp (volts X 1075) 
1 50 594.3 0.3033 
- 3 600.3 0.3092 
3 25 709.1 0.4268 
4 10 (SB 0.4576 
5 1 742.5 0.4663 


No. 5 is a line which has previously escaped detection. The analysis of this 
spectrum for determining the energy of the y-ray responsible for it shows con- 
clusively that the y-ray is emitted after the disintegration. This is in accord 
with Meitner’s? view. The energy of the y-ray is determined as 0.467 X105 
volts. 


INTRODUCTION 


HE present interpretation of 6-ray spectra has led to two views 
regarding the emission of they-ray. Ellis’ originally contended that 
the y-ray was emitted before the disintegration, i.e., before the emis- 
sion of the nuclear or primary B-ray. On his view of course the second- 
ary B-rays should have energies related to the energy levels of the 
atom before disintegration. Meitner,? on the other hand, concluded 
that the y-radiation follows the disintegration and is a direct result of 
the disturbance of the nuclear levels occasioned by the ejection of the 
primary @-ray and the transition from one nuclear system to the 
other. 
The settlement of this question is important. However, the experi- 


* Published by permission of the Director of the Bureau of Standards, Department 
of Commerce. 

* National Research Council Fellow. 

*C. D. Ellis and H. W. B. Skinner, Proc. Roy. Soc. 105, 165 (1924). 

*L. Meitner, Zeits. f. Physik 11, 35, (1922). 

*C. D. Ellis, Proc. Cam. Phil. Soc. 21, 121 (1922). 
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mental material which throws definite light on the problem is still very 
meager. In the majority of cases the measurements of B-ray spectra 
may be interpreted in terms of either hypothesis. This ambiguity arises 
from the nature of the B-ray spectrum. The accepted interpretation 
of the B-ray line spectra is that the lines represent groups of electrons 
which have been ejected from the x-ray levels of the atom by y-radia- 
tion from the nucleus of the atom itself.. The velocities of these elec- 
tron groups are measured by bending them in a uniform magnetic field. 
The velocity is proportional to the product Hp, where H is the intensity 
of the magnetic field, and p the radius of the circle on which the - 
particles travel. For the harder 6-radiation of RaB and for all lines in 
the RaC B-ray spectrum, the observed Hp should differ by less than 
one-half percent if the atomic levels for Z=83 were used instead of 
those for Z=82. (Since RaB is an isotope of lead and disintegrates into 
RaC, an isotope of bismuth, these are the two atomic systems with 
which we are concerned in this case.) This difference is beyond the 
limit of accuracy of most experiments. However, Ellis and Skinner? in 
their more precise measurements of the RaB §-ray spectrum, find that 
in the “‘C’’ region they are forced to use atomic levels for Z = 83 instead 
of 82 in order to obtain agreement for the energy of the y-ray. This is 
the most decisive previous evidence in favor of Meitner’s hypothesis. 
It is clear that further evidence on this question can be obtained by 
studying other radioactive elements which emit comparatively soft 
y-radiation. Under such circumstances the secondary electrons of the 
B-ray spectrum will have lower velocities and therefore energies more 
nearly comparable with the energies of the atomic levels. The natural 
B-ray spectrum of RaD is well suited to this purpose. RaD is an isotope 
of RaB and emits a single y-ray of energy considerably less than that 
corresponding to the K limit for this atom. Consequently its 6-ray 
spectrum contains electrons from the L level and levels of lower energy. 
Numerous measurements have been made of this spectrum but there 
is still great divergence of opinion concerning it. Various observers 
disagree even on the number of lines that it contains. For example, 
Ellis observed five lines whereas Meitner? later found but three. For 
convenience previous results are tabulated below. The quantities 
given under the name of each author are the values of Hp for lines which 
they observed in the RaD 8-ray spectrum. 
The weight of evidence favors a B-ray spectrum of four lines, as ori- 
ginally reported by Danysz. The most recent measurements are by 
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TABLE I 
Hp values of RaD 8-ray spectrum by previous 
investigators 
Danysz* Ellis® Meitner? Black’ 
602 600 602 600 
607 605 — 606 
aa 628 — — 
718 717 718 714 
743 742 741 738 


Black.® These differ from Danysz’s by an approximately proportional 
decrease of the energy of all lines. The failure of certain investigators 
to detect some of these lines has given rise to considerable discussion 
regarding their physical significance.” 


EXPERIMENTAL RESULTS 


With the hope of throwing further light on the problem of the 
emission of the y-ray, I have taken a number of photographs of the 
RaD f-ray spectrum. The spectrograph was of the usual type, but 
with large dispersion (Pmaz=7.5 cm). The magnet was one specially 
designed for the study of 6-ray spectra. It has poles 24 cm in diameter 
and gives a field uniform to one part in 2000 by actual measurement 
over a circle 15 cm in diameter. This magnet and the spectrograph 
will be fully described elsewhere. The magnet was excited by an 
independent set of storage batteries. The current was measured and 
controlled by a Leeds & Northrup potentiometer and standard re- 
sistance in the usual manner. It was found comparatively easy to 
maintain the current constant to at least one part in 2000 over long 
periods of time. In order to avoid the trouble of precise absolute 
measurement of the intensity of the magnetic field, comparison photo- 
graphs of RaB lines in the same region were made. The line Hp = 660.9, 
as measured by Ellis and Skinner,! was used as a reference line and their 
value for its energy was accepted as a standard. The lines of the RaD 
spectrum here reported have thus been measured in terms of this value. 
It is obvious that the absolute energies of the lines observed here must 
be as accurate as this value, since a direct comparison of this kind can 
be made with great precision. Eastman x-ray plates were found at 
least 50 percent more sensitive than ordinary plates to B-radiation in 
this region. This test was made by exposing a plate of each kind 
simultaneously in the spectrograph and developing the two plates 

* Danysz, Le Radium 10, 4 (1913). 


® Black, Proc. Roy. Soc. 109, 166 (1925). 
®L. F. Curtiss, J.0.S.A. and R.S.I. in press. 
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together. Consequently all exposures were made with x-ray plates. 
The RaD sources were obtained by the anodic deposition on a fine 
platinum wire in the usual way. Two different preparations of RaD 
were used, both giving identical results. 

The experiments were carried out as follows: The current through 
the magnet was adjusted to the desired value and after several reversals 
the switch was thrown to the “‘direct”’ position. A source of RaD was 
inserted into the spectrograph by means of a ground glass joint, the 
photographic plate having been previously put in position. The 
spectrograph was then exhausted by a large diffusion pump. A shutter, 
manipulated by a ground glass joint, protected the plate from B-radia- 
tion during the period of exhaustion, which usually was of the order 
of 20 minutes. After a sufficient exposure the shutter was closed, air 
admitted, the spectrograph opened, and the plate removed. A fresh 
plate was then inserted. The RaD source was replaced by a source 
consisting of the active deposit of radon and a new exposure made. 
Throughout this time the current through the magnet was maintained 
constant at its original value with a high degree of accuracy. Thus the 
second exposure gave the 8-ray spectrum of RaB in the same magnetic 
field. A fiducial mark put on the plate while still in the spectrograph 
permitted the determination of its position relative to the apparatus. 
Several experiments were performed in this manner. The measurements 
on all plates agreed with each other to at least one part in 1000. The 
results are tabulated below. 


TABLE II 
Hp and energy values of RaD B-ray spectrum 
. Energy 
No. Hp Intensity (volts X 10-5) 

1 594.3 50 0.3033 
2 600 .3 3 0.3092 
3 709.1 25 0.4268 
4 pss 10 0.4576 
5 742.5 1 0.4663 


The first four lines given above are those originally reported by 
Danysz in 1913, but the Hp values and the energies are considerably 
lower. In addition a faint line of higher energy has been observed 
which has previously escaped detection. This line appeared on all 
plates and there is no doubt of its existence, although it is too faint to 
measure with the same accuracy as the other lines. The value here given 
was determined from measurements of the plates independently by 
Mr. R. L. Chenault and by myself. As can be seen from the photo- 
graphic reproductions, Plate I, there is no trace of the line Hp = 628 
reported by Ellis. A careful scrutiny of all plates failed to reveal it. 
The line Hp =600.3 (No. 2 in Table IT) is clearly visible even in the 
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photographic reproduction although Meitner failed to detect it. This 
failure was presumably due to the low dispersion with which she worked. 
The photographs reproduced in this paper are about one and a half 
times actual size, and illustrate the dispersion employed. A is a repro- 
duction of one of the spectrograms for RaD and B shows the comparison 
spectrum of RaB. 
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B Fiducial Lines 


RaD+Ra B 
Plate I. Beta-ray spectra of RaD and RaB. 


Since the values given in Table II differ consistently by at least 
one percent from the best previous measurements, a control experiment 
was considered necessary. The only objectionable feature of the fore- 
going procedure is the necessity for removing both plate and source 
between the RaD exposure and the calibration exposure with RaB. 
It would be much better to obtain the calibration simultaneously with 
the RaD exposure. Obviously only one line in the one spectrum need 
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be checked against a corresponding line in the other. To this end the 
fine platinum wire on which the RaD had been-deposited was exposed 
in radon in the usual way and activated with RaB. The wire was then 
placed in the spectrograph and the two spectra obtained on one plate 
by the single exposure. The measurements of this plate follow: 


e 


p(observed) Hp 
RaB 6.365 cm 660.9 | (Ellis and Skinner) 
RaD eRe 595.0 (calculated) 


These lines selected for comparison are the strongest lines in this region 
of each spectrum. As the above table indicates, the calculated value of 
Hp for the RaD lines is 595.0, in good agreement with 594.3 obtained 
from the first series of experiments. This combination photograph is 
reproduced in Plate IC. 

The importance of the new line Hp=742 becomes evident when we 
consider the energy of the y-ray responsible for this 6-ray spectrum. 
Table III gives the energies corresponding to the observed Hp values. 
These energies, increased by the energy of the appropriate x-ray level 
as indicated, are computed for Z = 82 and 83. 


TABLE III 
Energy of y-ray from RaD 
Lape Z =83 
Energy of Energy of 
Hp Energy Level of y-ray Level of y-ray 
(volts X 10°) origin (volts X 107) origin (volts X 1075) 
594.3 0.3033 Ly 0.4617 Ly 0.4669 
600.3 0.3092 Ly 0.4612 ix 0.4663 
709.1 0.4268 Mi 0.4623 My 0.4668 
73542 0.4576 Nut 0.4643 Ny 0.4672 
742.5 0.4663 0.4663 0.4663 


The levels for atomic number 82 have been selected to give the best 
possible agreement, leaving all other considerations aside. Even so, 
the agreement is very poor. To secure approximate constancy for the 
energy of the y-ray, it has been necessary to omit the My level and re- 
tain the My; level. In the N group only the Ny level can be used. 
Such procedure is contrary to the weight of evidence of all observers 
in this field. It is now a well established fact that under the conditions 
here considered the levels will be present in the B-ray spectrum with 
intensities in the order of their binding energy. If we adhere to this 
principle, there is no agreement whatever. The newly observed line 
has an energy of 0.4663 times 105 volts. However, the best estimate of 
the energy of the y-ray as deduced from the levels of Z=82 in the 
above table is 0.462 times 10° volts. This involves the obvious paradox 
of a y-ray causing the emission of 6-radiation of still greater energy. 
It should be noted that the energy of the new B-ray line is more than 
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one percent higher than that deduced for the y-ray. This difference 
cannot be attributed to experimental error. 

The last column of the table shows the excellent agreement obtained 
for the energy of the y-ray when the levels for Z=83 are used. The 
energy is constant to one part in 500. Furthermore the intensities from 
the various levels follow in the order to be anticipated. Now the M, 
level and the JV; level fit perfectly. No level is assigned to the new line 
since it is already approximately equal to the energy deduced for the 
y-ray. The simplest explanation of this apparent equality is that this 
line represents particles ejected from the outer levels of the atom where 
the binding energy is relatively insignificant. The intensity favors this 
explanation very strongly. The other alternative is to accept Meitner’s 
hypothesis that some at least of the primary B-radiation from the 
nucleus should escape with energy exactly equal to that of the y-ray. 
However, the reason for such an assumption is not altogether clear. 
Furthermore, the intensity of this line does not agree with such an 
interpretation. This is discussed below. | 

The excellent agreement obtained for the various levels for atomic 
number 83 is in itself a strong argument for assuming that the y-ray 
ejected the electrons in the 6-ray spectrum from the levels of this 
atom. This means that the y-ray is emitted after the emission of the 
primary $-particle when the electrons have adjusted themselves to 
their new energies. The fact that no agreement whatever can be 
obtained with the line Hp=742 on the basis of the levels of atomic 
number 82 reinforces this argument most decidedly. Consequently 
it is safe to conclude that the y-ray is emitted after disintegration in 
accord with Meitner’s view. 

The interesting question arises as to what becomes of the primary 
B-radiation. Ellis in his interpretation accounted for this radiation in 
the continuous spectrum. But he supposed the primary radiation to 
come after the emission of the y-ray. Under these circumstances it is 
conceivable that the primary particles might come out of the nucleus 
with energies varying over a considerable range and thus constitute a 
continuous spectrum. Since it now appears fairly certain that the 
disintegration takes place first, we expect the primary particles to be 
emitted with sharply quantised energy. They should then of course 
appear as a line in the B-ray spectrum. In the case of RaD, conditions 
are particularly simple. It emits only one y-ray. Therefore we should 
anticipate that the number of primary 8-particles would be equal to the 
number of y-rays emitted. If this were true the primary line would be 
the strongest line, since the energy of the y-ray has been shared among 
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the various atomic levels. This argument would rule out the line 
Hp =742 asa primary f-ray line. 

There are at least two ways to account for the absence of the primary 
B-ray line. One possibility is a suggestion due to Rosseland.’ He 
proposed the explanation that the particles originally leave the nucleus 
with a definite energy. In passing through the strong fields in the 
neighborhood of the nucleus they might be expected to radiate energy. 
He calculated this possible loss of energy by radiation and found that 
it was of the right order of magnitude to distribute the particles into a 
continuous spectrum. This explanation requires that variable portions 
of the energy be radiated and it is hard to see why this should happen. 
Much more information is needed concerning the intensity of the 
continuous spectrum before this question can be answered. Another 
possibility, though a somewhat doubtful one, enables us to eliminate 
both the continuous spectrum and the primary line from the f-ray 
spectrum. If we adopt Meitner’s view and assume that the primary 
particle has energy exactly equal to that of the y-ray, we may suppose 
that this primary particle experiences an inelastic collision with the 
first electron in the atomic levels which has less binding energy than 
that of the primary particle. The result would be a binding of the 
B-particle in the atomic level and the ejection of the electron originally 
in the level. However, this ejected electron should have exactly the 
same energy as those expelled by the y-radiation. Therefore they 
would form part of the same line on the photographic plate. Presum- 
ably this could take place at other levels of lower energy so that most 
or all of the primary particles were absorbed. Therefore we should 
have little or no primary $-radiation and no continuous spectrum. 
The great difficulty with this hypothesis is that such collisions from 
any ordinary point of view must be relatively improbable. However, 
to explain the intensity of the lines, considering all y-radiation to be 
converted in the atomic levels of the atom from which it originates, we 
are forced to assume an abnormally high coefficient of absorption for 
the y-ray. It may well be that the same is true for a B-particle travelling 
from the nucle s out through the various electron levels. Since there 
is considerable radiation from neighboring atoms present, some support 
for this view can also be obtained from Milne’s® statistical analysis of 
the liberation of photo-electrons. He finds that he is compelled to 
assume that external radiation can stimulate the capture of an electron. 
This might make it possible to account for the high probability of 
capture necessary on this view. 

In conclusion, I should like to thank Dr. S. C. Lind of the Fixed 
Nitrogen Laboratory, for providing me with the old radon tubes from 


7 Rosseland, Zeits. f. Physik 14, 173 (1923). 
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which the RaD sources were obtained, and Dr. Bardwell for much 
valuable advice concerning the manipulation of this material. 

Note added to proof: Since the above paper was submitted for publi- 
cation the library has received the issue of the Proceedings of the 
Cambridge Philosophical Society for November, 1925. A series of 
remarkable papers in this number present evidence indicating that the 
gamma-ray follows the disintegration for RaB and RaC. Rutherford 
and Wooster (Proc. Camb. Phil. Soc. 22, 832, 1925) show that RaB 
emits the natural L spectrum of atomic number 83. Of course this is 
not a conclusive proof of the emission of the gamma-ray after disinte- 
gration. There is a possibility that the gamma-ray is emitted before 
disintegration but that the x-ray transitions are delayed and occur 
after the disintegration. The significant point of their result is that it 
does not contradict the supposition that the disintegration occurs first. 
If, on the other hand, the x-ray spectrum of atomic number 82 had 
been obtained there could be no doubt that the disintegration followed 
the gamma-ray emission. In confirmation of the results obtained by 
Rutherford and Wooster, Black has measured some of the lines of the 
natural L beta-ray spectrum of RaB. He also finds that these corre- 
spond to atomic number 83. Since this phenomenon is one step further 
removed from the emission of the gamma-ray than the one investigated 
by Rutherford and Wooster, it likewise does not constitute a proof that 
the gamma-ray follows disintegration. However, Ellis and Wooster 
(Proc. Camb. Phil. Soc. 22, 844, 1925) have devised an experiment 
which seems to give definite proof. They wrapped a radon tube in 
platinum foil and then exposed the platinum surface in radon and 
obtained the active deposit on the outside of the platinum wrapping. 
Using :this as a source in a beta-ray spectrograph they obtain the 
natural beta-ray spectra of RaB and RaC from the active deposit and 
the similar spectra excited in the platinum foil by the gamma radiation 
from the radon. They thus obtain a 6Hp for each of the observed lines 
corresponding to the difference between the K, L, etc., energy for 
platinum and for RaB and RaC. This enables them to determine 
whether these levels are those of 82, 83 or 84. The measurements 
given in their paper very decidedly favor atomic number 83 for the 
lines of the RaB spectrum and atomic number 84 for the lines of the 
RaC spectrum. These results are thus a confirmation of the hypothesis 
proposed by Meitner that the disintegration precedes the emission of 
the gamma-ray, and there now seem to be no exceptions to this rule. 


BUREAU OF STANDARDS, 
WASHINGTON, D. C., 
December 15, 1925. 
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THE ABSORPTION OF X-RAYS OF WAVE-LENGTH 
DOWN TO .08A 


By S. J. M. ALLEN 


oa 


ABSTRACT 


Mass absorption coffiecients of C, paraffine,S and 16 metal elements from 
Al to U for wave-lengths .56 to .08A have been measured in continuation 
of previous work! which covered most of these elements in the range .71 to .10A. 
The general radiation from a tungsten target (operated at voltages up to 
200 kv) was dispersed by a crystal into an ionization chamber. By using 
Soller multiple slit collimators about ten times as great intensity was obtained 
as with a single slit of the same resolving power. The main results of the 
previous paper were confirmed and extended, especially the steady decrease in 
the ‘‘jump” of the absorption in going from the L to the K regions, as the 
atomic number increases. The scattering of paraffine wax is distinctly greater 
than that of C or Al, probably due to the richness of Hin paraffine. The 
empirical formula u/p =Cdr*2N4/A +o/p, applied to the experimental results 
gives values of o/p which increase in general with atomic number, becoming 
about 1 for the heavier elements, W to Bi. The values of C obtained are 
.0132 for the K series and .00181 for the L series; these give calculated values 
which agree within 5 percent with the experimental. Experiments with end- 
filtered high voltage rays. Without collimators or crystal, the ionization chamber 
in the path of the direct beam of rays filtered through 1 cm tin and 2 cm alu- 
minum, showed increased ionization when a carbon block was interposed, but 
when two Soller collimators were used with planes crossed so as to eliminate 
all oblique rays, normal absorption coefficients were obtained corresponding to 
075A. This method may be useful for the shortest rays. 


N a previous paper! the author gave results of experiments on the 

absorption of homogeneous x-rays from \=.71 to .10A following the 
standard method of reflecting the general radiation of a Coolidge tube 
from a crystal, and intercepting a narrow portion of the spectrum with 
an ionization chamber attached to the spectrometer. 

It was shown that as the wave-length approached .10A, the K ab- 


sorption coefficients of the high weight elements were decreasing steadily ~ 


according to the laws of fluorescent absorption, but that in the case of 
the light elements fluorescent absorption being practically gone, further 
decrease was very slow. Also, that in the critical absorption regions of 
the elements the “jump” of the absorption coefficients from the L series 
to the K series became steadily less with increasing atomic number. This 
was especially marked in the case of the elements from W to Bi, with 
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the result that the K absorption coefficients of these elements were 
nearly the same. 

It was further shown that the Bragg-Owens’ empirical absorption 
law, up/p=CrNN4/A +o/u was no longer able to predict values of y/p for 
the high weight elements which agreed with the experimental values 
obtained. In all the discussion which follows in this paper p/p will 
represent the experimentally determined mass absorption coefficient, 
t/p the fluorescent absorption coefficient of the electronic orbits, (K, 
L, M, etc.), and o/p the remainder of the absorbed energy, which may 
or may not be entirely due to pure scattering. 

The present paper is a continuation of the above work, and carries 
the wave-length down to .08A. While these experiments were carried 
out in the same general manner as the former ones, the technique of 
operation was so different as to necessitate a brief description. 

The source of the rays, up to a potential of 120 kv was a Coolidge 
Universal tube,and up to 200 kv a Coolidge high tension tube. The 
tube, generator, and all high tension connections were placed by them- 
selves in a closed room, completely shut off from the adjacent room, 
where the spectrometer was placed, by a brick wall two feet thick and 
lined with lead. A hole was pierced through the wall and two lead slits 
1 cm square placed at each end, defined the beam of rays from the tube. 

In place of the usual single slit method, the multiple slit collimators, 
devised in my laboratory by Soller! were employed. The first collima- 
tor was placed directly in front of the crystal with its axis passing 
through the axis of rotation of the spectrometer and perpendicular to it. 
The second collimator was attached to the ionization chamber, and in 
the zero position its axis was coincident with that of the first. Each 
collimator was 8 cms long, 1 cm wide, 1 cm high and had slits about 
.2 mm wide. ; 

The general radiation passing through the first collimator emerged 
as a number of thin beams parallel to each other in a vertical plane. This 
beam falling upon a calcite crystal 2 cms thick passed through it, the 
reflected radiation being obtained from the interior 100 planes. The 
zero position having been determined, the ionization chamber was 
swung around to some angle 20. The crystal was now rocked back and 
forth until maximum radiation was received, when it was assumed that 
radiation of wave-lengths between \ and \+dA alone passed through 
the second collimator. The mean wave-length \ was calculated from 
the relation, \=2d sin 0. 


1 Soller, Phys. Rev. 24, 158 (1924). 
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The resolving power was quite equal to that obtained with single 
slits of .1 to .2 mm. 

It was found that this method gave about ten times the intensity that 
could be obtained with single slits at the same resolving power. Another 
great advantage of this method lies in the fact that the zero position 
once having been obtained does not change with penetration of the 
rays into the crystal, 6 being obtained solely from 20 the angle between 
the axes of the two collimators. 

The rest of the experiment was carried out in the usual manner, the 
absorbing layers being placed on the side of the wall next to the tube, 
thus ensuring that no scattered radiation from these layers could enter 
the ionization chamber. 

Although rays reflected from the crystal at values of 6 less than that 
corresponding to \=.081A were observed, difficulties of resolution were 
encountered which rendered them somewhat uncertain, and so results 
are here given only down to \=.081A. It is hoped that a redesign of 


TABLE IA 


Mass absorption coefficients p/p 


din Paraf- 

A c fine Al S Fe Ni Cu Zn ra 
081 143 156 145 455 235 265 270 310 73 
085 145 158 153 .170 242 280 80 
090 148 160 160 .182 .250 290 295 350 86 

.095 CES." 165 .164 .186 .262 — .305 — —- 
.102 ESO 9 oo3 .169 .192 .280 4531 .335 390) cali 
113 — ae — — 317 — .405 — — 
118 151 175 172 .196 360 — .440 520 _ 
126 — — — — 410 480 .510 — 
$s) — 460 — .600 690 — 
140 152 180 195 250 500 — .650 —_— 
145 — — — 540 — 710 820 —- 
148 — — — — — — — —s 
al 153 595 690 780 — — 
es — 185 2U2 295 660 = 900 1.02 — 
173 155 190 235 330 -180— 1,00 09 1.24 — 
185 — — 249 360 .90 1.18 130 1.47 —_— 
194 — — 265 1.00 —— — a oy 
209 . 166 .196 295 .440 120 1 oy) TRE Ph Ui _— 
220 — — .310 .500 1.40 — 2.00 2332 — 
240 170 .200 200 .580 Lai5 Done 200 2.80 — 
ead — — Be ahs .800 Zero 3.30 3.70 4.30 — 
7320 200 .220 .630 1.08 3.95 4.87 5.25 6.20 —_ 
eoAU —— — SEAV Las 4.65 par fe 6.38 7.30 —. 
* 400 .245 24S eit 1278 1825 — 8.80 11.6 — 

.430 -—— — 1933 2°10 —- = pith. 14.5 —— 

458 288 —- 1754 — — — 14e Viv soon 
511 — 34 2.06 — — — 20.5 24.0 — 
.560 .40 30 2.65 — — — 26.5 30.8 _ 

«631 55 — 3.78 6.9 — — 37.8 43.0 —_ 
710 .68 — Keak 9.9 — — 53.7 60.0 —_— 
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* Taken from previous paper. |; 
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the apparatus will in the future enable me to obtain results for shorter 
wave-lengths. 

In Tables IA and IB are tabulated results of this work, and also a 
number of the results of the preceding work, which are indicated by 
asterisks. The vertical double arrows indicate the regions of critical 


TABLE IB 
Mass absorption coefficients u/p 
din | 
A Ag Sn Ba W re Au Pb Bi Th U 
081 74 80 — DemeeeeO 8 244 2553" 95250 — — 
085 .83 .88 — OUMNH Oo Pe oeG0ll 2d Oeale 16 — — 
090 .90 Ah — Camere oe 2.55... 75.00 (3.00 — — 
Meson, 1.027 1.02 — SOME EO HOG et Ss BO. No.45  -3e45 — SER) 
eee, 1.20 — SEU MmEOLOU) Woe 0ueeo.90." 3.9) — 4.00 : 
Bas — ys — A005 4.50 4.48 4.70 4.70 T eres 
_uememyeeeio/? «1-95 4.75 ..5.00 4.90 5.13 4:90 | — 
moe 1.08 2.05 — EO AMEE (Ou 250). 5.123 ] £.86.--:1.90 
135 — 2.40 — Gyzom 20555) — 0.40 pegs) — 
Reese 2-02 2.80 6.75 7.08 6.90 i O25 oes aG 
.145 — 2.90 — ie SOsmet 5, 240 2220 22.88 — 
.148 — — — Pelee +710 — — ss 
Meee oo, 3.15 3.40 8.00 2x45 ae lea het le Su 8 
. 160 — 3.60 4.00 8.90 7 (Ome Orns ALU) — 
.164 — — — T 2270 — — — 3.24 
Mimetefo 4.32 (4.90 | am O23 2.5 mls. | aaah s — 
moe 4.4006 (55.05) S55. .80 | Beast 3655 3.85 4,14 - 4.45 = 
194 5.00 — 7.0 20-3590 — 4.40 — 5.05 Ss 
eee 6.50 6.95 8.2 pecomeee 0) 4.87 655355 .60)~=Ss «6. 10 aa 
focus) 7.40 8.30 9.2 Aeoeeeoe25)|6«6COS0)6 65.90". «6.48 = 6.90 = 
aoe 9.60 10.80 11.7 Sergmero.05 6.95 7.40 8:30 8:60 es 
memeraaes 15.5 17.2 7206 —9'.60 oe Sots WEE tales 1 — = 
memueeeiel 22.0. 24.2 10:1. 13.5 — 16.2 17.7 — =< 
340 24.5 — Ores. 8 aa AD Ie 210 — = 
* 400 38.2 be OO 2 10fo sen 4- 5 — 31.8 — — se: 
.430 46.5 Bee eti 5° 24.7 - -30.0 — 39.0 — — = i 
.458 60.0 Smusmeioer ) 129-70 135..5 — 46.0 = — FF 
Vv 
Peper.) «612.8 .19.0 — — es aa = ae = 
meu 15,0. 16.5 — — — a= — = 2 
fnsl 20.5 — — 75 87 — 101— as a =e 
Beat 28:5 — — — 119 — 140 — es ate, 


* Taken from previous paper. 


absorption, the upper limit being the highest K values, and the lower 
the lowest L values. In the cases of Ba, Th, and U, the values given 
are the values which probably would have been obtained if these sub- 
stances had been in the pure state. They were calculated assuming the 
additive law. Paraffine was in the form of paraffine wax. 

Table II gives the values of the critical absorption wave-lengths as 
obtained from the data of Tables IA and IB. These values agree in 
general to within one percent with those published by other observers. 
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A detailed study of the absorption coefficients of Tables IA and IB 
shows that they are of the same character as those of the preceding work. 
The “jumps” in the values of t/p from L series to K series steadily de- 
crease with increasing atomic number, that for U being about 4. The K 
absorption coefficients from W to U are nearly all the same, for the 


e 


TABLE II 
Critical absorption wave-lengths i, 
Element: U Th Bi Pb Au EE W Ba Ag 
Ae in A: -105 9.113.132) .139_ 154 £159 “31789330 see 


same wave-lengths, and it would require an accuracy of one percent or 
better to decide whether there is any real difference. The decrease in 
u/p with \ is about the same for all. The intermediate elements, sucht 
as Ag, Sn and Ba, show values of o/p which decrease much more slowly 
with A, indicating that o/p which decreases slowly is becoming of in- 
creasing importance in comparison with r/p. The values of p/p for 
the light elements as \=.08A is approached show such small rates of 
change, that for these elements 7/p is fast disappearing as an important 
factor, and o/p is now the predominating factor. In the case of C the 
change in u/p from \ =.160 to \=.081A is only a few percent, and even 
this small rate of decrease is becoming smaller as we approach .08A. 
The same is true of paraffine, Al and S. ,/p for paraffine wax at A= 
.O81A is distinctly greater than that of C or Al, whilst at \ =.40A it is 
equal to that of C and much less than that of Al. This can be probably 
explained by assuming that o/p for H is greater than that for C, for 
since paraffine wax is rich in H, it will show correspondingly larger 
values of ¢/p and smaller values of 7/p than C. 

The same phenomenon has been found for substances rich in H by 
other observers at longer wave-lengths. 

There is no evidence that o/p is experiencing any sudden or rapid 
decrease with d. 

If we are justified in concluding from the above results that the 
true mass scattering coefficient for light elements will continue to 
decrease at such a slow rate it is difficult to see how it can arrive for 
A=.02A at such a low value for C as .056 for the filtered y rays of 
radium C, which the recent work of Ahmad,? Ahmad and Stoner,’ and 
that of Owen, Fleming and Fage* would seem to indicate. It is possible 
that there estimations of \ are much too high. 


> Ahmad, Proc. Roy. Soc. A105, 507 (1924). 


* Ahmad and Stoner, Proc. Roy. Soc. A106, 8 (1924). 
* Owen, Fleming and Fage, Phys. Soc. Proc. 36, 355 (August, 1924). 
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In Table III are expressed some estimated values of, «/p, calculated 
from the data of Tables IA and IB by aid of the formula, a/p=p/p 
—kd*-”. If this formula holds for these short wave-lengths for both the 
K series (excluding elements W to U) and the L series, the results 
indicate that o/p increases with N, reaching in the L series of the heavy 
elements values possibly as high as 1.0. Similar results are obtained if 
we use A’, only they are larger. 


‘FABLELI | 


Mass scattering coefficients, o/p=u/p—kd?:” 


Element r.08A r.120A r.210A .320A .440A 

K series 

Carbon .142 .148 vist .148 .145 

Paraffine aLoD »155 .184 .180 .169 

_ Aluminum .136 .144 .150 .130 .140 

Sulfur .138 .144 .170 .150 — 

Iron .165 . 160 .200 eal oe 

Copper a i he .160 24 .03 — 

Zinc .195 — — — — 

Silver .370 43 50 5 — 

Tin .380 .45 — — — 

Barium — oil b .70 — — 
L series 

Tungsten 9 7 1.0 _ -- 

Platinum 

Gold to 1.0 iho 

Lead Piet: 1A | 

Bismuth 1.0 9 1° 0 


Now, if ¢/p, which here merely means the rest of the energy lost after 
fluorescent absorption has been allowed for, is completely due to pure 
scattering, then it should decrease in general with increase of NV, being 
proportional to V/A in any of the theoretical formulas of, Thomson, 
Compton, or Jauncey. 

It is evident that either one cannot use these empirical formulas to 
predict the values of 7/p at these short wave-lengths, or, if one can, 
then the values of o/p so obtained are much larger in many cases than 
the theoretical formulas of pure scattering would indicate. 

It is also possible that the experimental values of o/p are not wholly 
due to pure scattering, but may involve some form of absorption, either 
true absorption, or scattering, or both, not associated with the K, L, 
etc. orbits, such as perhaps nuclear absorption. 

It is important to call attention to the fact that Barkla and his asso- 
Ciates in several papers on relative scattering state that the relative 
scattering of heavy elements to light elements increases rapidly with 
N, and also with X. 


212 S. J. M, ALLEN 


Also Debye® from theoretical considerations predicts, that in the 
case of scattering from atoms where the electrons are not free but con- 
centrated near the center, the atomic scattering coefficient would be 
proportional to a higher power of N than the first, in the limiting case 
(electrons at the center) being proportional to NV’. For mass scattering 
this would give o/p proportional to N?/2 instead of V/A. . 

Until one has obtained by a direct method true values of a/p, it 
may not seem very fruitful to try to distinguish, in the region of short 
wave-lengths, between the various empirical absorption formulas. 
The generally accepted one is 


p/p=CNN4/A+oa/p a bl ours ore tied ls oe eee ies 1 
[lq = CaNtN' + gs cae o's oe (atomic) 


The author has proposed the following— 


p/p=CNVNYAPo/p..) ean : 
big = CoN* 7 Nt 0g. eel ee (atomic) 


Within the limits in which these formulas may be used to predict results 
to about five percent, I have, from the data of these two papers, and 
from those given by Bragg and Pierce,® Hewlett,’ Richtmyer,® Wind- 
garth,’ and Stoner and Martin,’ calculated the best values of C and Cu. 
These are expressed in Table IV. 


TABLE IV 
Values of Cand Ca 
K series L series 
Eqs. (1) Eqs. (2) Eqs. (1) Eqs. (2) 
G i Ne SLED Ge RU 12520 LOOK 1 1.8110 
Ca 2 241072 2519 XA Oe. 3.00% 10522 3.00 X10-= 


The experimental data of Tables 1A and IB discussed above are also 
illustrated by the graphs of Figs. 1, 2, 3, and 4. Figs. 1 and 2 show the 
relations between u/p and \?:*. Figs. 3 and 4 show the relations between 
u/p and N4/A. Values of J from the graphs of 1 and 2 are tabulated. 
Also values of Cx and Cy are tabulated from Figs. 3 and 4. 

In order to ascertain what reliance could be placed upon “end” 


filtered rays at high voltage, the following experiments were made at 
200 kv. 


5 Debye, Ann. d. Physik 46, 809 (1915). 

6 Bragg and Pierce, Phil. Mag. 8, 608 (1914). 

7 Hewlett, Phys. Rev. 17, 284 (1921). 

8 Richtmyer, Phys. Rev. 18, 13 (1921). 

* Windgarth, Car Bloms Boktrycheri, Lund (1923). 
10 Stoner and Martin, Proc. Roy. Soc. A107, 1925. 
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The two collimators being removed temporarily, and the ionization 
chamber turned to the zero position, a filter of 1 cm tin and 2 cms alu- 


8 12 16 20 24 28 Semon 
ONG Eee 


Fig. 2. Variation of u/p with d?-%. 


minum was placed next to the tube. A reading of the electroscope was 
then taken in arbitrary units, say 100. A block of carbon was then 
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placed directly behind the filter to intercept the rays before they passed 


through the wall. The somewhat surprising result was now obtained 
that the ionization was increased to 300 instead of being decreased. 


HP=KN/A + of (> constant) 


0 20 40 60 80 100 120 140 «+160 = 180200 220x10° 
NYA 


Fig. 3. Variation of u/p with N4/A. 


aa \ Critical Absorption of Ag] 


081, 40132" == 


Av._.0134 00181 
(A and N vary) 


ft) 20. 2 40 60 80..-400 i20- 40 ° 160 


i 1480 200 220 x 10° 


Fig. 4. Variation of u/p with N4/A. 


The same result was obtained with other elements, but in a lesser degree 
for the heavier elements. It is thus seen that more rays were scattered 
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in the direction of the direct beam, than were scattered away. Under 
these conditions absorption coefficients would have no true significance. 

Next the collimators were placed in position, with axes coincident 
but with their planes crossed at right angles. Readings taken now, show 
normal results, and it makes no difference where the absorbing layer 
is placed. Only those rays which pass straight forward can enter the 
ionization chambers, all oblique rays in both horizontal and vertical 
directions being eliminated. 

In Table V are given the results of this last experiment. The effective 
wave-length viz. \=.075A was calculated from u/p for Ag and Sn. 
The values in this table are in good conformity with those obtained by 
the crystal method at \=.08A. 


TABLE V 
X-rays filtered through Sn, voltage 200,000, rer. = .075 A 
Element: Seer es 6©6Fe 6Ni Cu Zn Ag Sn Pt Au ‘Pb Bi 
u/p ere ee 4155922, 24 625. 328 6692.72..2:02 2.12 2:33 2.42 


Since at these high voltages the energy of the spectrum is largely con- 
centrated in the short wave-lengths, “‘end”’ filtering with crossed colli- 
mators will give results of some importance, when one is no longer able 
to obtain homogeneous rays from crystal reflection, at least in those 
elements which are far removed from their critical absorption regions. 

Absorption coefficients obtained in the past from filtered “‘end”’ rays 
which have seemed to indicate very small values of u/p at high voltages 
are of doubtful value, unless precautions similar in effect to those 
discussed above were taken. 

In conclusion it may be of advantage briefly to review the chief 
points brought out by the experimental results of these two papers. 

A careful analysis of the absorption coefficients of the elements from 
C to U for values of \ between .71 and .08A, shows quite clearly that no 
general formula of absorption of the Bragg-Owens type can predict 
values which agree with experimental ones in both the L and K series 
by simply changing the constant. In the L series it will predict values 
increasingly too low, and in the K series increasingly too high, as we 
proceed to the high atomic weight elements. The experimental fact, 
that the decreasing jumps in the absorption coefficients from the L 
series to the K series, which results in the coefficients of the elements 
from W to U being nearly the same for the same wave-lengths, will 
explain the failure in the case of the K series. 

In the case of the L series, the difference ¢/p between the experimental 
value of u/p and the calculated value of 7/p is too great to be entirely 
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accounted for by pure scattering according to the theories of Thomson, 
Compton, and Jauncey. It therefore seems necessary to raise the ques- 
tion whether in addition to fluorescent absorption and pure scattering 
there may exist nuclear absorption of some kind, which in the case of 
high weight atoms is great enough to be experimentally distinguished. 

In the case of light atoms where fluorescent absorption has practically 
disappeared, the experimental results show that the absorption is 
decreasing with A at a very slow rate. 

Until one is able to determine in a region of wave-lengths where 7/p 
is very large in comparison with o/p, the exact variation of 7/p with X, 
the method of this paper in estimating o/p may be open to some ques- 
tion. The author is at present engaged in measuring the absorption 
coefficients of wave-lengths greater than 1A and it is hoped that the 
results of this investigation in the near future may throw more light 
on the problem. 


UNIVERSITY OF CINCINNATI, 
November 3, 1925. 
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REFLECTION OF RADIATION FROM A FINITE NUMBER 
OF EQUALLY SPACED PARALLEL PLANES 


By T. H. GRONWALL 


ABSTRACT 


Equations are derived for the fractions of the incident energy which are 
absorbed, reflected and transmitted by +1 equally spaced parallel planes, 
taking account of all possible internal reflections, in terms of the corresponding 
fractions for a single plane, a, r and ¢ respectively. When a and 7 are very small, 
as in the case of x-rays incident on a crystal surface, they may be computed 
from measurements of the reflected fraction Ry for N large, and of the trans- 
mitted fraction T,, for small. 


1. Introduction. In dealing with the reflection, transmission and 
absorption of radiation in a crystalline medium, we assume the mole- 
cules of the medium to be situated in a number of equally spaced parallel 
planes (and to have the familiar lattice arrangement). We assume that 
when a ray of intensity J strikes one of these planes, a part of it, which 
we denote by rJ, is reflected, another part tJ transmitted, and the 
remaining part aJ absorbed, so that 


rtita=1. (1) 
These constants 7, ¢ and a are assumed to be the same for all planes. 
Let us consider »+1 of these planes, numbered 1, 2,...,”, n+1, 


and a ray of intensity J striking the first plane; taking into account all 
possible modes of reflection at one or more of the planes, a certain part 
T,I will be transmitted across the +1 plane, another part R,J will 
be reflected, that is, will emerge on the same side of the first plane as the 
incident ray J, and the remaining part A,J is absorbed by the +1 
planes; we evidently have 


Rati,+tA,=1. (2) 


Our problem is to express R, and TJ, (and hence, by (2), also A,) in 
terms of 7, t and n, and it is obviously permissible to assume J=1 in 
the following discussion. 

2. Determination of R, and T, for n=O and n=1. In the case of a 
single plane (n=0) it follows at once from the definitions that 


Ro=r7, To=t . (3) 
247 
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In the case of two planes, numbered 1 and 2, a ray of unit intensity 
striking plane 1 gives a reflected ray 7 and a ray # penetrating plane 1, 
and when the latter ray strikes plane 2, it gives a transmitted ray t - t= 
f? anda ray ¢tr reflected from plane 2 toward plane 1. At the latter plane, 
this tr gives a ray t - tr=?’r penetrating the plane toward the side of 
the incident ray, so that fr is a component of the total reflected ray 
R,, while a ray r - tr=tr? is reflected toward plane 2. This ér? penetrates 
plane 2 in the amount ¢ - tr? =fr?, which forms a component of the total 
transmitted ray 7), while a ray r - tr?=?r? is reflected toward plane 1, 
giving at the latter a component ¢ - tr? =r? of R; and a ray r - tr?=t7 
reflected toward plane 2, where it gives a component of 7; equal to 
t-tr+=fr*t and a ray r - tr+=t#r* reflected toward plane 1. Continuing 
in this manner, we find for the sums of the components of the trans- 
mitted: and reflected rays the expressions 


Ti =P+PrP+P7+ ee 1 
Ry=r+tPr+Prt+Pre -)- s 
or summing the geometric series to the right 
=P/1— 7) Ri=areediery (4) 


3. The two difference equations for R, and T,. Proceeding to the gen- 
eral case, our first step consists in setting up two difference equations 
(that is, recurrent formulas) connecting 7,4: and R»+1 with T, and Rp. 
Consider the n+2 planes numbered 1, 2, ..., +1, n+2; these we 
divide in two layers, the first layer consisting of the planes numbered 
1, 2, ..., +1, and the second of those numbered +1 and n-+2. 
The plane numbered +1, common to both layers, is called the bound- 
ary plane between them. It will be convenient to separate the reflected 
ray R, in the ray r reflected directly at plane 1 and the remainder R’, 
reflected at other planes after penetrating into the layer, so that 


Ri=r+R, ’ Rigi=r+k pat ) 7 (5) 
Mac (4) anda showetee | a 
Ree 5 Ry’ =fr/(1—7?) . (6) 


Now consider a ray of unit intensity striking the first layer at plane 1; 
the ray 7,41 transmitted through both layers is made up of components 
which we classify according to the number of times they cross the 
boundary plane between the first layer and the second. The component 
crossing the boundary plane once is obtained thus: let ¢,’ be a ray which 
is transmitted into the second layer after a certain number of trans- 
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missions and reflections in the planes of the first layer. Since the in- 
tensity of a transmitted ray is multiplied by ¢ in the passage through a 
plane, it follows that the intensity of ¢,’ immediately before passing 
through the boundary plane is ¢,’ - ¢'. Passing through the second 
layer, which consists of two planes, the intensity becomes ¢,’f-! - 7), 
and our component is the sum of ¢,’t! - T, extended over all partial 
rays t’,; the sum of the latter being T,,, the component of 7,,,1 arising 
from all partial rays crossing the boundary plane once is 7,,f-! - 7). 
Any ray transmitted through both layers must evidently cross the 
boundary plane an odd number of times. Hence the next component 
of T;41 crosses the boundary plane three times and is obtained by 
taking the component 7,,t~! arriving at the boundary plane and multi- 
plying it by R,’t!, thus forming a component which has crossed the 
boundary plane and been reflected in the interior of the second layer, 
but has not yet crossed the boundary plane the second time. Observe 
that we multiply by R,’t-! and not by Rit! =(r+ R,’)t-!, since we are 
not concerned with those rays that are reflected at the boundary 
plane without penetrating into the second layer. This component 
T,t+ - R,’t"! we multiply by R,’t-, thus obtaining a component 
which has crossed the boundary plane twice and been reflected in the 
interior of the first layer, but has not yet crossed the boundary plane 
for the third time. The third crossing of the boundary plane and trans- 
mission through the second layer multiplies our component by 7}, so 
that the component of 7,4; resulting from crossing the boundary plane 


three times will be 
eee ie: Rt oT; , 


where each multiplication point stands at a crossing of the boundary 
plane. Similarly, the component which crosses the boundary plane 
five times is 


fey isk, ft Ry Rett Tr, 
and so on. Finally 7,4: is the sum of all these components, so that 
Foii= Trt T [1 +R/R/t?+(RYRt?yY+ - +d, 
or by (4) and (6) | 
‘a ae base “b (=) + ee | { 
oad fi i-—r 1-—r 
The geometric series to the right converges, since R,<1 by (2), so 


that R,’<1—r by (5) and 7R,’/(1—7) <r/(1+r) <1; summing the 
series, we obtain 
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t 1 Be, 
ae (7) 


1-7? ; r me 
ee 


Taqr= 


Turning our attention to the reflected ray Rn: and reasoning in 
exactly the same manner, we have first the component R, which does 
not cross the boundary plane, then the component crossing the bound- 
ary plane twice which is 7,¢-!- R,’t+-T,, next the component 
T,t7! - Ri't . R,'t| - Rit - T, crossing the boundary splanessams 
times, and so on, their sum being 


Rngt=RatT2Ry't? [1+ Ri Rt ?+ (RVR,'t)2+ - - - d, 


whence, replacing R, and Rry1 by r+ R,’ and r+ Ri41 according to (6) 
and observing that the series to the right is the same as in the expression 
for Sie, 

r phy 


1-7? ; r 


Ray aa Ia e ay. (8) 
; _R,! 
i 


Equations (7) and (8) are the desired difference equations. 
4. Solution of the difference equations for R, and T,. We now introduce 
the notation 


r 
n=1- -R,’ , 9 
p aoe ; (9) 
whence, by (6), 
Py 
po=l ’ ia iors (1—r2)2 } oi 
since 0<R,’ <1 —7, it follows from (9) that 
: ! (11) 
ere Pn . 
Introducing p, in Eqs. (7) and (8), these take the form 
t iis 
nator oe (12) 
ie Lge 
Pn— Pr41l>=— ’ (13) 


lta 2) Pn 
From these, we form a difference equation of the second order for pn by 
eliminating 7, in the following manner: in (13), replace n by n+1 and 
in the result, substitute the value of T,41 from (12), whence 
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i Png Py? 2 
ES ee ey eee - = ————_.. aa 
(1 sed fell Pn+1 (1 77 \* Pn41Pn" 


In the last expression, we substitute the value of 7,2 taken from (13) 
obtaining 


ie Pn Pt Ms ( 1 1 ) 
Pn+1— Pn+2= ee ria 34 oe — — —— }., 
(Weer)? Pn+1Pn eee Pn+1 Pn 


Transposing terms, we obtain the difference equation of the second 
order 


ig ee i 1 if i 1 

Pn+2 tcopeen Rag tes! mete eae 14 
(teen. ip, a 
which shows that the expression to the right remains unchanged in 
value when 7 is increased by unity. Starting with x =0, and increasing 
it by a unit at a time, it follows that the right hand member of (14) has 
the same value for any 7 as for n=0, so that 


i 1 ie 1 
SE 
and calculating the expression to the right by means of (10), we find 
E 1 e 
Pa aye ota =1+ rie (15) 


This difference equation of the first order is thus a first integral of (14), 
and is in its turn reduced to a directly integrable linear difference 
equation in the following manner. From (11) it is seen that p, is positive, 
and from (13) that p,>xn+1. The sequence po, pi,...-, Pn... is thus 
decreasing toward a limit p: 


Lit pr=p , (16) 
and (11) shows that 
i 
——<p<1. (17) 
1--y 


From (15) and (16) it is seen that p satisfies the equation 


# 1 e 
er ae a (18) 


(1—#7)? pp Dat 


and solving this quadratic in p, 


2(1—7)p=1+f-—-P4/ 1+? —P)-4e . 
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To determine the sign of the radical, we observe that <1 —r7 by (1), 
so that (17) gives 

> (19) 

1—r’ 

on the other hand, the product of the roots of (18) equals #/(1—7)?, 
and consequently (19) shows that the second root of (18) is less than 
t/(1—r’). Hence p is the greater of the two roots of (18) and corre- 
sponds to the plus sign before the radical. Resolving the expression 
under the radical sign into factors, we thus obtain 


Se ., 


2(i—r’)p=1+P-P + V+) 1 ti) =i 


Asn— o, R, tends toward a limit R, which equals r+ (1 —7*)(1—p)/r 
by (5) and (9), so that, according to (20), 


R=— [1-8 +e VOTO FNS] (2 


An expression for this R, which is the reflection in an infinite number of 
equally spaced parallel planes, was found in an entirely different way 
by K. W. Lamson! in form of an infinite series, the sum of which was 
shown by the author to be (20).? 

Returning to Eq. (15), we subtract from it Eq. (18), obtaining 


7 (- 1 ) 
Pati — p=——__— | — 
tofte (‘bo 9?)*8\ eee nitee 


1 | | 
p= e(1+—-) ’ (22) 


Wn 


making the substitution 


the preceding equation becomes 


p pe 1 1 


oar (1-7) pot 1 


b 
and writing 
1-7? 


wot 


B= pi (23) 


1K. W. Lamson, Physical Review, N. S. 17, 624 (1921), Eqs. (2) and (3). 
* Lamson, I.c. Eq. (5). This formula contains two misprints: the minus sign between 


and 7? should read plus, and a minus sign should be inserted between r? and the square 
root. For the proof, see T. H. Gronwall, Annals of Mathematics, ser. 2, 23, 282 (1922). 
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so that w>1 by (19), this reduces to the linear difference equation 
in Wy! 
Wnt1= M(wnat1) . (24) 


This may be written 


2 2 
Me be 
wong t——— = 12 («.++-) | 
Heme. eri 


and this last equation is integrated immediately, giving 


Since po=1 by (10), we have wo =p/(1—p) by (22), so that finally 


fis p pe . 
o,-+--— = ( ++ — as Zoe) 
tee oe ps 
Having thus determined w, explicitly as a function of 7, f and n, we 
obtain R, by the combination of (5), (9), and (22): 


1 1 
Eee | Lr") p (1+—) ct: (26) 
te Wn 
For 7,, we find from (13) and (22) 
ras 2 Lo @,, Wn+1— Wn 
omnes pol 
(1 be ce Wn Wn On+1 


or replacing w,41 by its expression from (24) and using (23), 


P= Teast? | | 
ip ae eee (27) 


me Wy” 


5. Approximate formulas for calculating r and a from experimental 
values of Rand T,. In experimental work, it is possible to determine 
the reflection in a section of the material of sufficient thickness to 
allow us to regard the number JW of planes contained in it as infinite, 
that is, R is measured. Then the transmission 7, is measured in a 
section as thin as possible ( of the order 10°). Now both 7 and a are 
very small (of the order of magnitude 10~*), and a is several times less 
than r. This suggests writing : 


ato, (28) 
so that a<1, and expanding p, p etc. in powers of 7. By (1) and (28) 


we have 
t=1—(1+a)r . ia? 


284 T. H. GRONWALL 


whence 
Pa1t(Lta)rt(tayr+(i+a)xtt os, ee; 
¢?=142(1+a)r+30+a)7? +4 + a)*73 
It is convenient to introduce the notation 
B=VaFa), — (1+0)?= 641, aa 


and from (29) we find 


V(i+t-+r)(1+t—1)(1—t+r) (1—t—1) = 26r V/1—[A Fa)r—16]_, 
or expanding by the binomial theorem 


Vl sbicer) (t= 7) iran) eae 


1 1 1 

— —_— —_ a —_ ——_ oy bye : ° . 

26r 1 ; (1+a)r a Pa | | _ ae 
whence by (20) and (21) 
1 
(1—r)p= 1—(1+a—8)r— ee ea eras (33) 
1 1 

R= 1+a-B+ > Bl+a—B)rt Br (34) 


In the last equation, it is sufficient to retain the constant term, so that 
R=1+a- Va(2 +a), whence, solving for a, 
a=(1—R)/2R,  B=1+a—R=(1—R9/2R (35) 


This determines a in terms of the measured R.2 To find r from the meas- 
ured 7’,, we expand yu in powers of r by means of (23), (30) and (33): 


w=1+6rt+38(1tatp)r+ s+: , (36) 
whence 
Ko [i tear | (37) 
we—1 2Br 7 
From (33) and (37) it follows that 
pho “(s+ete+ + Bai ) (38) 
dep. 21 ey 28 


* Actually, (34) gives a as a power series in r, the constant term being (35), and the 
next term (1—R?)?/8R? - r which is small enough to be neglected. 
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where the terms not written out contain the first and higher powers of r. 
Solving (27) for w,, we find 


2 


hy Say ae 1)2+- 42727 27-2 

Pye bee 
where the radical is taken with the plus sign, since w, is positive by (24). 
Using (36) and (30), we find that the lowest term in 7 inside the bracket 


is (28-+2V6?+T,2)r, so that, with the aid of (37), 


Wn, 


ye 1/B4+VB84T2 1 
‘(ee (9 


e-1 oy Ty? 28 
Dividing (39) by (38), taking the natural logarithm on both sides and 
expanding the logarithm of the right hand member in powers of 1, 
we find 


we Peel | 
OPS opreagea ae 
lel rT,” 26 
log ; a See = 
=o" o 1 os 
(eae arham bag 


By (25), the expression to the left equals 2” log wu, and since log w= 
Br+- -: - by (36), we finally find, retaining only the lowest powers of 
r on either side, 


1 Te 26 
= (40) 


faa Gace 1 


Since a and 8 are known by (35), this determines 7 in terms of the 
measured 7, and finally (28) and (29) give a=ar, ¢=1—(1+4a)r. 
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EVIDENCE FROM CRYSTAL STRUCTURES [Nek EG 
TO. ATOMIC SERUGT URS ° 


By Maurice L. HUGGINS? 


ABSTRACT 


The distribution of valence electrons in the diamond and similar crystals.— 
Because of the cubical symmetry, the equivalent scattering power of all the 
atoms, and the absence of pyro- and piezo-electric effect, the atoms in the 
diamond cannot be held together as a result of the transfer of electrons from 
atom to atom. Symmetry requirements also eliminate any cubical arrangement 
of electrons or orbits around each atom. The diamagnetism of Hz and of most 
organic compounds eliminates rotations of two electrons or orbits in the same 
direction about each atomic center-line as a means of holding the atoms to- 
gether. Similar structures and numbers of valence electrons, together with 
interatomic distance comparisons, indicate that the atoms in BeO, ZnO, ZnS, 
CdS, Agl, etc., are held together in a manner similar to that in the diamond. If 
so, there cannot be four electrons rotating around each atomic kernel in the 
diamond, for Zn~-, Ag~—, Ot* etc., are chemically impossible. It is not pos- 
sible for two electrons to be rotating about each two adjacent atomic kernels in 
crystals of NaCl, MgO, CdO, AgBr, etc., and since chemically and physically 
these are not very different from BeO, CdS, Agl, etc., the bonds in the last 
named crystals and so in the diamond are probably not of this type. The con- 
clusion is-therefore reached that in the diamond and crystals of similar struc- 
ture, the electrons are in pairs at tetrahedron corners around each atom, each 
pair being held jointly by two atoms. This is as predicted from the Lewis theory 
of valence. A study of the other known crystal structures leads to the con- 
clusion that in general the valence shells of electro-negative atoms are tetra- 
hedra of electron pairs rather than cubes of single electrons. 


HIS paper is an attempt to show that important conclusions con- 

cerning the ways in which the valence electrons are arranged may 
be reached from a careful analysis of the structures of some of the 
simplest crystals. 

The diamond. The arrangement’ of atoms in this substance is pic- 
tured in Figs. 1 and 5. Each carbon atom is surrounded by four others 
placed around it as are the four corners of a regular tetrahedron around 
its center. All the atoms are equivalent, both as regards their positions 


‘Some of the material given in this paper has been presented at meetings of the 
American Physical Society and the American Chemical Society. For abstracts, see 
Phys. Rev., 21, 379 (1923) and Science, 57, 534 (1923). The electron distributions ar- 
rived at were proposed by the author in the J. Am. Chem. Soc. 44, 1841 (1922). 

? National Research Fellow. 

* See Wyckoff, ‘‘The Structure of Crystals,’ Chem. Cat. Co., New York, 1924, for 
references to the crystal structure work. 
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in the structure and their ability to scatter x-rays. The symmetry of 
the structure, as shown by both the crystallographic and the x-ray data, 
is that of the cubic or isometric system. ; 
There are four valence electrons per atom; our problem is to de- 
termine, if possible, how they are distributed.4 The tetrahedral arrange- 
ment around each atom, the stability of the diamond toward disruption 
by heat or chemical action, its low electrical conductivity, etc., suggest 
that the atoms in this crystal are held together in the same manner as 
the carbon atoms in “saturated” organic compounds.® The theories 
which have been proposed for the nature of such a union may be divided 


Fig. 1. Unit cube of the diamond, cubic ZnS, etc. In the diamond all atoms are of 
carbon and the electron pairs, represented by the small circles, are at the mid-points 
of the atomic centerlines, as shown. In ZnS the Zn atoms are in the positions represented 
by the large dots, the S atoms are in those represented by the large circles, and the elec- 
tronpairs are on the centerlines between atoms, but closer to the sulfur than to the zinc. 


into two classes, (1) those assuming the transfer of electrons from atom 
to atom,’ the individual carbon atoms being represented as ;C}, 1C”, 


* It would also be of interest to learn how the two K electrons of each atom are placed, 
but the evidence at hand is insufficient to enable us to do this. The symmetry and x-ray 
requirements are met if they are so close to the nuclei as not to affect appreciably the 
symmetry of the arrangement of valence (L) electrons, and either are oriented relative 
_ to their nuclei in a random way throughout the crystal or are regularly distributed in a 
large unit having cubic symmetry. 

* Such interatomic distance data as are at present available for crystals of organic 
compounds are also in agreement with this idea. If correct, then the conclusions to be 
drawn regarding the type of atom-bonding in the diamond are also applicable to the 
bonds within organic molecules. | 

* Thomson, “The Corpuscular Theory of Matter,” Scribner, New York, 1907; 
Falk and Nelson, J. Am. Chem. Soc. 32, 1637 (1910); Fry, Zeits. f. Phys. Chem. 76, 385 
(4911); J. Am. Chem. Soc. 34, 664 (1912); Stieglitz, ibid, 44, 1293 (1922). 
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*ct, TC=, or [C_; and (2) those postulating the sharing of electrons 
between atoms.’ 

Considering now the first of these classes, if the atoms in the diamond 
were half {Cj and half [C= they would not have equivalent scattering 
powers, for those of the first kind would have but two electrons each, 
while those of the latter would have ten. Furthermore, the [111] faces 
of the crystal would be electrically polar, the layers of atoms parallel 
to these faces being alternately positive and negative and spaced as 
indicated in Fig. 2. This would be made manifest by the presence of 


=. 


4. 


Fig. 2. Spacing of [111] planes in ZnS (also in the diamond, if the 
atoms were charged). 


pyro-electric and piezo-electric effects, as in ZnS, for instance. The same 
objections apply to a structure consisting of Ca and £CZ atoms, 
arranged so that each carbon-carbon bond is positive at one end and 
negative at the other; there is also the additional objection that the 
distribution of charges would have the symmetry of the trigonal system 
rather than that of the cubic or regular system. This would result not 
only in displacement of the atomic centers in the direction of the three- 
fold symmetry axis, but in irregular growth, unsymmetrical etch figures, 
interference figures (produced by polarized light) indicative of the lower 
symmetry, etc. If all the atoms in the crystal were ~C®%, held to- 
gether by electrostatic forces concentrated at the ‘‘ends of the bonds,” 
the crystal would have tetragonal symmetry and the [001] faces would 
be polar, as the positive ends of all the atoms would be turned in the 
same direction. We thus arrive at our first conclusion, that the atoms 
in the diamond are not held together as a result of the transfer of electrons 
from one atom to another. This 1aust be true whether the electrons are 
in or vibrating about fixed positions in the atoms, or are revolving in 
orbits. 


” Lewis, J. Am. Chem. Soc. 38, 762 (1916); ‘Valence and the Structure of Atoms 


and Molecules,” Chemical Catalog Co., New York, 1923; Bohr, Phil. Mag. 26, 857 
(1913). 
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According to the electron-sharing theory, which chemists’ have found 
exceedingly useful in accounting for the properties of substances con- 
taining non-polar bonds, the kernel of an electronegative atom tends 
to be surrounded by a valence shell containing eight electrons, and in 
order to accomplish this result it bonds with other atoms, two electrons 
(or electron orbits) shared between two atoms constituting a typical 
“single bond.’’ The eight electrons of a complete shell were at first 
represented as at corners of a cube, but, in order to account for the 
triple bond of organic chemistry and for other reasons, the “cubical 
atom” was later abandoned in favor of the “tetrahedral atom,’ in 
which the valence electrons are assumed to be drawn together in pairs.® 

If each atom in the diamond had a valence shell consisting of a cube 
of single electrons or electronic orbits (Fig. 3), the crystal would have 


Fig. 3, Cubes edge to edge in a pseudo-diamond type of structure having tetra- 
gonal symmetry. The small dots represent single valence electrons. 
tetragonal symmetry, for the arrangement in the direction of one of the 
crystal axes would be different from that in the direction of each of the 
other two axes. The ratio of the unit distances would be 1:1:./2, rather 
than 1:1:1, asis actually the case. No cubical arrangement of electrons or 
electron orbits around each atom, with two electrons or orbits shared between 
each two adjacent atoms, could give a structure for the diamond having the 

symmetry of the cubic system. 
The minimum elements of symmetry which a crystal must possess 
in order to belong to the cubic system! are four three-fold symmetry 
® Lewis, Ref. 7; Langmuir, J. Am. Chem. Soc. 41, 868, 1543 (1919); 42, 274 (1920); 
Latimer and Rodebush, ibid. 42, 1419 (1920); Huggins, ibid. 44, 1607 (1922). 


* Lewis, Ref. 7; Huggins, J. Phys. Chem. 26, 601 (1922). 
10 See any good book on crystallography. 
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axes and three two-fold symmetry axes. As the observations used to 
determine the symmetry of crystals—the symmetry of the diffraction 
effects with light and with x-rays, the rates of growth and solution in 
different directions, etc.—depend largely (in case of the diamond at 
least) on the distribution of the valence electrons, we may say with cer- 
tainty that their distribution must either possess the elements of sym- 
metry just mentioned or there must be a randomness in the arrangement 
which statistically will produce the observed effects. Inspection of the 
arrangement of atomic centers in the diamond shows that a distribution 
of pairs of electrons tetrahedrally about each atomic kernel satisfies 
the symmetry requirements just mentioned, provided both electrons of 
each patr are on, or distributed in a random manner about, the straight 
line connecting the two nearest atomic centers. The corresponding re- 
quirements which must be satisfied by a distribution of electron orbits 
in the diamond may be stated as follows: Fixed (non-precessing) orbits, 
other than circular orbits in planes normal to the three-fold axes, are im- 
possible, unless oriented in a random manner about these axes. If there 
are electron rotations or orbital precessions, they cannot be synchronized 
with each other throughout the crystal. If the synchronization were 
such as to produce one true three-fold symmetry axis there could be no 
other similar axes in the crystal. In other words, it is impossible to 
build up any crystal having the cubic symmetry which the diamond is 
known to possess with fixed orbits or synchronized precessions or rota- 
tions. 

Considering now the types of orbital motions not ruled out by the 
arguments in the foregoing paragraphs, we might imagine adjacent 
carbon atoms to be held together as a result of rotations of electrons 
or of orbits about the atomic center-line in one of the ways represented 
in Fig. 4." If the first were correct, though, and the same type of bond- 
ing exists in organic molecules, a large majority of the latter should be 

H . 
paramagnetic. A compound like methane, H: C:H, we might expect to 
H 
be diamagnetic, but it would seem very unlikely that in ethane, 
H:C:C:H, or in propane, H:C:C:C:H, for instance, the magnetic 

HAL ere ite 
effect of each pair could be counterbalanced by the effects of the others. 
The same argument would of course also apply to molecular hydrogen, 
if the atoms were held together in the manner of Fig. 4A.” 


4 Cf. Lewis, ‘Valence, Etc.” (Ref. 7) p. 59. 
a Bolt yas ela 


- 
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Moreover, if the bonds in the diamond were of this type, there would 
be two kinds of atoms. In one all rotations would be clockwise, in 
the other counter-clockwise, as seen from the center of the atom. (If 
each atom contained both clockwise and counter-clockwise rotations, 
the crystal would have trigonal or tetragonal symmetry, as was shown 
would be the case if the atoms contained both plus and minus charges 
mC or CL and £0) Atoms of the first kind could only combine 
with those of the second kind, and vice versa. If they were held together 
as indicated in Fig. 4B, all the atoms in a single crystal would be of the 
same kind, having all the rotations (of the nearest valence electrons) 
clockwise, for instance, as viewed from the atomic center. There is of 
course no @ priori reason for assuming that counter-clockwise atoms 
could not exist, but they would have to be in a different crystal, for 
only atoms of like rotational character could combine together. Either 


a 


Fig. 4. Representing two types of rotations of valence electrons 
or orbits about atomic centerlines. 


of these two hypotheses would lead to rather fantastic conclusions with 
regard to organic reactions, but further discussion of this subject is 
beyond the scope of this paper. 

It might be noted in addition that from ordinary electromagnetic 
theory we should expect repulsion between two electrons of a pair rota- 
_ting as in Fig. 4B. This would also be true, except in the case of ring 
electrons, if the electrons were rotating as in Fig. 4A. 

In order to proceed further with the elimination of proposed types of 
interatomic bonds, we shall now consider other closely related struc- 
tures. 

Crystals having structures similar to that of the diamond. _ Silicon,'® 
germanium,’ and gray tin*® have been found to have crystal structures 
of the same type as the diamond. Each of these elements Is tetravalent 
and it seems reasonable to assume four valence electrons per atom and 


'* Ref. 3. Kiistner and Remy, Phys. Zeits. 24, 25 (1923). 
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that the atoms are held together in the same way as are the carbon 
atoms in the diamond. Insofar as the chemical and physical properties 
of these substances are known, they are in accord with these conclusions. 
The binary compounds ZnS’, ZnSe“, ZnTe, HgS'*, HgSe® HgTe,!® 
CdTe, CuCl?, CuBr’, Cul’, AgI’, and AlSb!’, also have the same 
type of structure, half of the atoms of course being of one kind and half 
of the other. In ZnS, for example, each zinc atom is surrounded by four 
sulfur atoms at corners of a regular tetrahedron and each sulfur similarly 
by four zinc atoms (Figs. 1 and 5). 


Fig. 5. Representing the distribution of atoms and electronpairs within each layer 
in crystals of the diamond, ZnS, and ZnO types. The large dots and large circles denote 
atoms in different planes. In the diamond, Si, etc., all atoms are of the same kind and 
the electronpairs (small circles) are midway between atomic centers: in ZnO, ZnS, etc., 
the dots represent atoms of one kind and the large circles those of another, the electron- 
pairs being closer to one kind of atom than to the other, as shown. In crystals of either 
type each atom is also bonded to another, directly over or under it, in another layer. 


A number of other binary compounds, namely AIN?!8, BeO*, ZnO’, 
ZnS’, ZnSe, CdS'*, CdSe, and AglI’, possess structures which, 
although they have the symmetry of the hexagonal system, resemble 
the cubic structures just mentioned in that each atom is surrounded 


“ Huggins, Phys. Rev. 21, 211 (1923). Davey, ibid. 21, 380 (1923). 

16 Huggins, Ref. 14. 

© Huggins, Ref. 14. Kolkmeijer, Bijvoet and Karssen, Proc. Acad. Sci., Amsterdam, 
27, 390 (1924); Verslag Akad. Wetenschappen 33, 327 (1924). 

‘7 Owen and Preston, Proc. Phys. Soc., 36, 341 (1924). 

"8 Ott, Zeits. f. Phys. 22, 201 (1924). 

19 Ref. 3. Huggins, Ref. 14, 
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tetrahedrally by four others of opposite character (Cf. Fig. 5). This 
is probably also true of carborundum (SiC)?°. 

In the cubic structures listed above, the tetrahedron of atoms closest 
to any given atom must be regular; in the hexagonal crystals it is also 
very nearly regular (at least within a percent or two, approximately the 
limit of error of the experimental determinations). Moreover, in those 
cases (e.g. ZnS and Ag!) in which the same chemical compound crystal- 
lizes in both ways, the distance between adjacent atoms (Table I) is 
almost identically the same in the two crystals. 


(Expr | 


Interatomic distances in various crystals 


Crystal Distance Reference 

C 1.54A Bragg’, Hull? 

Si 2.34-2 .36 Debye and Sherrer? Hull’, Gerlach3, 
Kiistner and Remy 

Ge" P4302 44 Kolkmeijer?, Hull? 

Sn” 2.80 Bijl and Kolkmeijer® 

SiC4 1.90 Oe 

A1N 1.89 Ott!8 

AISb 2.65 Owen and Preston!’ 

BeO 1.65 McKeehan? 

ZnS, cubic 2 34-0 2235 Gerlach, Bragg? 

ZnS, hexagonal 2.33; 2.36 Aminoff?; from density=3.98 (Mourlot”) 

ZnSe Or45 192.43 Davey’; from density=5.40 (Margottet”) 

ZnTe 2.53 From density =6 .34 (Margottet”’) 

CuCl DEEP pe Pants) Davey?; Wyckoff and Posnjak® 

CuBr AD 7252 Davey’; Wyckoff and Posnjak? 

Cul Ole a7. O02 sOe Aminoff?; Davey?; Wyckoff and Posnjak® 

AglI, cubic DEO lel 285 Wilsey?; Davey* 

AglI, hexagonal 2.81 Aminoff*; Wilsey*® 


This, together with the further fact that the physical and chemical 
properties of the two forms are all almost exactly the same, shows that 
the atoms in both must be held together in the same way. 

If we follow Thomson,® Lewis,’ Kossel,?? Bury, Bohr,” Huggins,’ 
Stoner,” and others in assigning one valence electron to each atom of 
an element in Group I of the periodic table, two electrons to each 
atom of an element in Group II, etc., we find that in all of these crystals 
there is an average of four electrons per atom, the same as in the dia- 
mond, Si, Ge, and Sn. Moreover, as shown by Table I, pairs of crystals 


20 Ott, Naturwissenschaften 13, 76 (1925). See also Ref. 3. 
"1 Mourlot, Ann. d. chim. Phys. 17, 534 (1899). 

* Margottet, Compt. rend. 84, 1293 (1877). 

*8 Kossel, Ann. der Physik, 49, 229 (1916). 

* Bury, J. Am. Chem. Soc. 43, 1602 (1921). 

** Bohr, Zeits. f. Physik 9, 1 (1922). 

6 Stoner, Phil. Mag. 48, 719 (1924). 
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with similar physical and chemical properties (diamond and BeO, Ge 
and ZnSe, Sn and AgI, and SiC and AIN) have nearly the same inter- 
atomic distances. | 

It seems highly probable then that the atoms in all of these compounds 
are held together in a way which ts not radically different from that in the 
diamond. Any theory of the nature of the bonds between the atoms 
must be applicable to all of these compounds without necessitating 
any abrupt change from one type of bond to another. It would therefore 
seem very unltkely that in zinc sulfide, for instance, all the valence electrons 
are in rotation in orbits enclosing the sulfur kernel with none enclosing the 
zinc kernel, for such a distribution (of all the electrons about half the 
atoms) was shown to be impossible in the diamond, and an abrupt 
change would be necessitated in going from such a structure to one in 
which four electrons were rotating around each kernel. By similar 
reasoning we must consider extremely improbable any arrangement of 
four electrons rotating about each atomic kernel in the diamond, for such a 
structure for ZnS, BeO, or AgI would require such chemically absurd 
ions as Zn—~, Ag~~~, O++ etc. Moreover, no structure placing but two 
electrons about each electropositive atom and six about each electro- 
negative atom (in ZnS or BeO) is possible, because a corresponding 
electron distribution in the diamond could not be correct. 

Crystals having the sodium chloride type of structure. The following 
compounds have been found to have the type of atomic arangement 


pictured in Fig. 6: LiF, LiCl, LiBr, Lil, NaF, NaCl, NaBr, Nal, KF, 


KCl, KBr, KI, RbCl, RbBr, RbI, CsF, MgO, MgS, CaO, CaS; CaSe, 
SrO, SrS, SrSe, BaO, BaS, BaSe, MnO,?27 MnS, CdO, NiO, CoO, PbS: 
AgCl, and AgBr. 


If we again assume current theories?’ in regard to the number of 


valence electrons to be correct, we find in each case,?9 as before, an 


average of four per atom. In these crystals, however, there are six equi- 
valent electronegative atoms around each electropositive atom and 
vice versa, and it is not structurally possible for the atoms to to be held 


together by electrons rotating in orbits enclosing two nuclei. If the 


bonds between atoms were of this type in the crystals having structures 
like the diamond, ZnS and ZnO, we should then expect very decided 
differences in properties between the two classes of substances. When 
we compare the properties*? of BeO and MgO, of CdO and CdS, or of 


*" Levi, Gazz. chim. ital., 54, 704 (1924). 

#e Ret: 67723024095 26: 

*® Except, perhaps, in PbS. 

°° See any standard work on inorganic chemistry. 
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AgBr and Agl, we find no such marked differences. This observation 
eliminates from further consideration any structure, for any of the 
crystals so far discussed, 1m which the atoms are held together by valence 
electrons in rotation about two atomic centers. 

We have then no alternative but to conclude that, provided the argu- 
ments used in the foregoing analysis are valid, the valence electrons in 
the diamond and crystals of similar structure, including those of the zinc 
oxide type, are in pairs at tetrahedron corners around each atomic kernel, 
each electron patr being held jointly by two atoms. Whether the electrons 
are in, or oscillating about, equilibrium positions on the atomic center- 
lines, or are ring electrons or electrons rotating in orbits about these 


Fig. 6. Unit cube of the sodium chloride structure, showing the probable distribution 
of the valence electronpairs. The large dots represent sodium kernels and the large 
circles chlorine kernels. Atoms of either kind, considered separately, are at the points of 
a face-centered cubic lattice. 


centerlines (in the relative directions indicated in Fig. 4B) need not be 
further discussed at this time. 

It has not been shown whether the valence electrons in crystals of 
the sodium chloride type are in pairs at tetrahedron corners, or singly 
at cube corners, around the kernels of the electronegative atoms. 
Certainly, if we had only crystals of this type to consider, the cubical 
arrangement would seem more likely than the tetrahedral, but the 
fact that in all the other crystals discussed in this paper and in many 
more to be dealt with in another article*! the kernel of each electro- 
negative atom must be surrounded by a tetrahedron of electronpairs 


makes it seem very probable that this is also the case in these crystals 
e 
(Fig. 6). 


*} Soon to be published. 
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As the valence electrons are surely much more tightly held by the 
kernels of the electronegative atoms (within the valence tetrahedra) 
than by those of the electropositive atoms, it is often convenient, and 
an approximation to the truth, to speak of the structure as composed 
of electropositive and electronegative “‘ions.”’ Similarly we may speak 
of the “ions” of beryllium and oxygen in a crystal of BeO, but in either 
case it should be understood that the valence electrons have not passed 
completely from one atom to another but are mutually held by two or 
more atoms, also that all degrees of “ionization”’ (or better, “‘polarity’’) 
are possible, these substances and the diamond being extreme cases. 

Other crystals. A study*! of other crystals of known structure has 
resulted in the following conclusions: 

(1) In all those which contain electronegative atoms, excepting only 
CsIClz, graphite, and certain carbonates and nitrates, the arrangement 
as such as to permit a valence shell of 8 electrons around the kernel of each 
electronegative atom. 

(2) In those which contain electronegative atoms adjacent to each 
other, excepting only C(CH:OH), and the crystals just mentioned 
as exceptions to the preceding generalization, valence shells consisting 
of tetrahedra of electronpairs are possible in full accord with all avail- 
able data, while cubic valence shells are.in FeS:, MnSz, Se and Te im- 
probable and in all other cases impossible. 

(3) In those containing both electropositive and electronegative 
atoms, with the latter not adjacent to each other, a comparison of the 
structures obtained on the assumption of tetrahedral valence shells 
with those obtained on the assumption of cubical valence shells favors 
the former as the more probable in nearly every case. 

(4) In crystals of the metals, the prevailing tendency seems to be for 
each atom to surround itself by as many others as possible, the number 
of valence electrons and the orienting tendencies of the atomic kernels 
being of minor importance. 

In view of the above, it would seem reasonable to assume a tetrahe- 
dron of electronpairs as the valence shell of each electronegative atom, 
whenever such an assumption is not in conflict with x-ray or other 
evidence. The probable electronic distributions so obtained will be 
dealt with in detail in another paper.?! 

Ihe Cause of Pairing. Although the author believes that the evidence 
given in this paper conclusively proves the existence of electronpairs in 
atomic shells, he is not able to give any satisfactory reason for their 
existence. There seem to be two alternatives; either there must be an 
attractive force between electrons at small distances, or the repulsion 
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between electrons must rapidly decrease with decrease in» distance, 
for distances less than a certain value. The latter alternative would 
not require electronpairing except in atomic shells, but would qualita- 
tively at least account for the formation of pairs and for the grouping 
of electrons into distinct shells. 

In conclusion the author wishes to express his thanks to Professor 
D. L. Webster of Stanford University for his valuable criticism. 


GATES CHEMICAL LABORATORY, 
CALIFORNIA INSTITUTE OF TECHNOLOGY, 
PASADENA, CALIFORNIA. 
April 10, 1925. 
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BAND SERIES IN INFRA-RED ABSORPTION SPECTRA 
OF ORGANIC COMPOUNDS. I : 


By JoserH W. ELLis 


ABSTRACT 


The frequencies of a series of outstanding absorption bands characteristic 
of organic liquids, previously attributed by the author to vibrations between 
atoms of a carbon-hydrogen pair, are shown to fit the equation, 

vm * 10°? =47.37n —0.783n:?, 
where'#:= 172.1.) , 10. Many of the bands of secondary intensity in 
the spectra of compounds containing a carbon-carbon bond have their fre- 
quencies expressed by 
yn * 1072 =10.71n. 

WHELe $2 = 1.02.9, eee , 28. Practically all other bands observed below 7p in 
such spectra can be accounted for by combinations of low frequency members 
of these two series, vp =vm+v,’. Measurements on bands occurring between 
2u and 34 were made from records obtained with a new registering spectrograph. 
A number of such spectra are shown. 


Ro a decade and a half following the publication by Coblentz! of 
his extensive monograph on infra-red absorption and emission 
spectra, comparatively little work was done in infra-red spectroscopy, 
especially in the study of absorption by organic compounds. During 
this period, however, Weniger? published his results of an investigation 
of a number of alcohols; Johnson and Spence*® studied a number of 
aniline dyes, and Stang‘ investigated the absorption of naphthalene 
and some of its derivatives dissolved in carbon disulfide and carbon | 
tetrachloride. 
The origins of the great number of absorption bands observed in 
such investigations have remained practically unexplained. Puccianti,® 
in a short but accurate and important investigation, discovered a band 
near 1.71 occurring in all of the fifteen carbon-hydrogen compounds 
which he had examined, and attributed it to a C-H group. Coblentz! 
had observed a few bands bearing multiple wave-length relationships 
to be characteristic of groups of compounds, and assigned as the origin 


' Coblentz, ‘Investigations of Infra-red Spectra” (1905). 

> W. Weniger, Phys. Rev. 31, 388 (1910). 

* Johnson and Spence, Phys. Rey. 5, 349 (1915). 

* Stang, Phys. Rev. 9, 542 (1917). 

* Puccianti, Nuovo Cim 11, 141 (1900); Phys. Zeits. 1, 48 (1899); 1, 494 (1900). 
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of such bands groups within the molecule, as the alkyl groups CH, 
and CHs. 

Interest is again being aroused in the study of absorption spectra of 
organic compounds with a view to explaining the numerous bands which 
characterize them. Lecomte,‘ in a series of short articles, gives results, 
obtained with a Hilger infra-red wave-length spectrometer, of an in- 
vestigation of many types of compounds. He concludes that the bands 
originate from vibrations within the molecule rather than of the mole- 
cule as a whole. In particular, he concludes that absorption due to the 
carbon atoms is but little dependent upon the type of carbon chain. 
Bell’ has recently carefully determined the absorption between 2u and 
12u of aniline and ten alkyl anilines, and finds that, among the numerous 
bands which occur, one at 2.8 is characteristic of the amino group. 
Two years ago the writer® published in this journal the results of an 
investigation of the absorption spectra of thirty-one organic liquids 
to 2.54, obtained with a self-registering flint glass spectrograph of 
high dispersion. The liquids studied were benzene, toluene, p-xylene, 
‘mesitylene, pentane, hexane, heptane, octane and several halogen 
derivatives of methane, ethane, propane and butane. The investigation 
showed great similarities among these spectra. MA4rton® has just 
published the results of an investigation, which he began before the 
above work was published, in which he independently arrived at some 
of the author’s earlier conclusions, which will be reviewed later in this 
article. 

An examination of the spectrum curves presented in both the early 
and later investigations reveals two facts which suggest that the absorp- 
tion bands may be arranged in series originating in the longer wave- 
length region, whose members suffer gradual diminution of intensity 
and increasingly shorter wave-length separations as the series progresses 
toward the limits of the visible spectrum. These facts are: 

1. For investigations in the region between 15y and 3y best results 
are obtained when absorbing thicknesses of 0.1 mm or less are used; for 
the regions between 3u and 2u and 2y and ty, cells of 1 mm and 10 mm 
respectively yield best results; while to bring out clearly the bands 
between iu and the vigible red, cells of about 100 mm thickness have 
to be used. 

2. There are relatively fewer bands in the longer than in the shorter 
wave-length region. 

® Lecomte, Compt. Rend. 178, pp. 1530, 1698, 2073 (1924); 180, 825 (1925). 

7F. K. Bell, J. Am. Chem. Soc. 47, 2192 (1925). 


S Ellis, Phys. Rev. 23, 48 (1924). 
* MArton, Zeits. f. Phys. Chem. 117, 97 (1925). 
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The complexity of the absorption curves increases more with an 
increase in the number of distinct types of atoms within the absorbing 
molecule than with the general complexity, or size, of the molecule 
itself. This suggests that the origin of the different absorption bands 
may be traced to definite atoms, or pairs of atoms, as absorbing centers. 

A theory of infra-red absorption which would explain all of the bands 
of very long wave-length as originating from pure rotational effects of 
the molecule and all of the shorter wave-length bands as due to a com- 
bination of rotations and linear vibrations has met with some success 
in the cases of some relatively simple gas molecules. The series of regu- 
larly spaced bands in the long wave-length region of water vapor spectra 
found by Rubens'° and Fr. von Bahr" has been considered an example 
of the effects of pure rotation of a molecule in the absorption of radiant 
energy. A second, and more recent, example of a pure rotation spectrum 
is the series of regularly spaced absorption bands of HCI found by 
Czerny” between 40u and 80u. Such rotations have been quantized, 
and infra-red bands due to them are assumed to originate from discrete 
changes among the possible states of rotation, the angular momenta o 
these states bearing integral ratios to one another. 

The second type of absorption, first proposed by Bjerrum," predicts 
that bands in the short wave-length region should be double, and that 
when studied with a spectroscope of high resolving power each branch 
should appear made up of equally spaced lines, whose separations should 
be equal to those of longer wave-length bands of the purely rotational 
type. Such serrated bands had already been observed by Rubens'® and 
Fr. von Bahr" in the cases of water vapor and HCI gas, but the first 
precision measurements were made on the former gas by Sleator,"“ 
and in the case of HCI and also HF and HBr, by Imes. The separa- 
tion of Czerny’s long wave-length bands for HCI are equal to those 
found by Imes in the fine line structure of the near infra bands, thus 
confirming, in this case, Bjerrum’s theory. Bands of the latter type 
have recently been measured in the spectrum of ammonia by Spence,’ 
and in the spectrum of methane by Cooley.!7 


© Rubens, Berliner Ber., page 513 (1913). 

t Eva von Bahr, Verh. d. Deutsch. Ges. 15;.pp. /31, 1150 (ois 
” Czerny, Zeits. f. Physik 34, 227 (Sept. 28, 1925). 

8 Bjerrum, Verh. d. Deutsch. Ges. 16, 737 (1914). 

“ Sleator, Astrophys. J. 48, 124 (1918). 

'* Imes, Astrophys. J. 50, 251 (1919). 

16 Spence, J.0.S.A. and R.S.I, 10-427 (1925), 

‘7 Cooley, Astrophys. J. 52, 73 (1925). 
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The frequencies of the centers of bands of this type are determined 
by the discrete modes of vibration of the molecule, and at least in the 
case of diatomic molecules these bands should appear in series whose 
members have approximately equal frequency spacings. This has been 
found to be the case, although but few bands have ever been found for 
any one gas. Such bands are not exactly equally spaced, but rather 
have their frequencies expressed by the formula, 


Vn =nvo(l—nx), (1) 


where vp and x are constants for a given substance and n=1, 2, 3, etc. 
This formula has been developed for such cases by Kratzer!® on the 
basis of the non-linearity of the law of force which holds between 
bonded atoms. 

An advance has been made in the case of water vapor by Hettner,!® 
who has been able to account for the numerous observed absorption 
bands on the basis of two frequency series and simple additive combina- 
tions of members of these series. 

It will be noticed that, unlike the ordinary optical spectral series, 
series of the above type never converge, although their wave-length 
differences become relatively small, even between members not far 
from the beginning of the series. 

It would seem that we might expect series, similar to the ones 
characteristic of gases, in the absorption spectra of liquids and solids, 
although it might be doubtful whether a high resolving power should 
reveal any duplicity or fine line structure within the bands. The few 
multiple relations found by Coblentz in his investigations of organic 
liquids suggest such series. Schaefer and Thomas’? have shown that 
all crystalline sulfates have four characteristic absorption frequencies 
which form a linear series, and the author?! has found that calcium 
sulfate has two additional bands which form the fifth and sixth members 
of such a series. 


A C-H SERIES 


In an investigation® mentioned above the writer showed that all 
the organic liquids which he investigated had several absorption bands 
at approximately the same wave-length values. The average values of 
these wave-lengths for the thirty-one compounds studied in cells of 
11 mm thickness are: 0.913y, 1.023, 1.171, 1.375 and 1.695. As a con- 


8 Kratzer, Zeits. f. Physik 3, 289 (1920). 

9 Hettner, Zeits. f. Physik 1, 351 (1920} 

% Schaefer and Thomas, Zeits. f. Physik 12, 330 (1923). 
" Ellis, J.0O.S.A. and R.S.I. 8, 1 (1924). 
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tinuation”! of this study, a number of compounds were also examined 
in cells of approximately ten times this thickness, and in each case two 
new bands appeared, the mean wave-length values of which are 0.760u 
and 0.8354. Among the various compounds these seven bands vary 
slightly in position, although in no case is there a variation from the 
mean greater than three percent. These bands are the: most out- 
standing ones of the spectra, but in many cases they have superposed, 
or partially superposed, upon them minor bands which tend to shift 
their maximum absorption points from their true positions. Con- 
sequently, in searching for series relations among such bands their 
mean values should be used. 

It was shown that the corresponding frequency values of these bands 
could be quite accurately expressed as a non-linear series by means of 
formula (1), which had been developed for gases by Kratzer from the- 
oretical considerations. The values of m in this instance vary from 4 to 
10 inclusively. The constants, vp and vox, were calculated for seven sub- 
stances. Since this formula was developed upon the assumption that 
the absorption was due primarily to the oscillations of a pair of atoms, 
constituting the diatomic gas molecule, it is natural to assume in the 
case of liquids that the absorption originates from oscillations of a 
linked pair of atoms within the rather complex molecule. The only 
type of such a linkage in common to all the substances investigated was 
a C-H bond, and the above series was attributed to this pair, and may 
be called a carbon-hydrogen, or C-H series. 

Formula (1) may be expressed in terms of two constants, A and B, 

n= An— Bn’, (2) 
which is a special form of the general parabolic formula which charac- 
terizes many phases of band spectra. A and B have been calculated 
from the average observed frequencies of all the bands observed in the 
investigation mentioned above, and have the following values: 

A=47.37X10” 
B=0.783X 10" 


The accuracy with which the formula, 
Yn X10-" = 47.37n—0.783n? (3) 


expresses the observed frequencies is shown in Table I. 
Extrapolation of formula (3) to include nm =3, 2 and 1 indicates that 
bands should be found at 2.22u, 3.28u and 6.444. The last two lie 
within the region which must be examined with rock salt spectroscopes, 
and the writer has already pointed out that bands appearing near 3.4 
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TABLE [| 


Calculated and observed (average) bands of a C-H series. 


n vy<1072 yX107-2 
(calc.) (obs. ) A(calc.) d(obs.) 
10 395.4 394.8 0.758u 0.760u 
9 363 .0 361.5 0.827 0.835 
8 328.8 328.8 0.913 0.913 
7 293.4 292.8 2022 1,023 
6 255.29 256.0 1072 Leis t 
5 olin 20 Oe 1,379 Lees 
4 177.0 177.0 1.695 1.695 
3 13542 2,22 
2 91.6 3.20 
1 46.6 6.44 


and 6.84 in Coblentz’s curves are probably to be identified as these 
bands. Bands near 2.22u have usually appeared in most investigations, 
but the writer has shown in the present study that there are several 
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Fig. 1. Absorption spectra to 2.54 obtained with a registering glass spectro- 
graph. Thickness of cells was 11 mm. 


bands in this region, making the exact location of the third member of 
the C-H series uncertain. 
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In his recent report Marton? also concludes that his observed bands 
are expressible by an equation similar to (1), and points out that the 
first member should occur near 6.5u. He makes no attempt, however, to 
identify this series with any group within the molecule. 


A C-C SERIES 


Fig. 1 shows the absorption spectra to 2.54, previously published in 
this journal,’ of a few relatively simple carbon compounds of both the 
aromatic and paraffin series. It will be noticed that in addition to the 
prominent members of the C-H series there are a number of minor 
bands. These have never been accounted for but an attempt is made 
in the present work to account for them on the basis of a single-bonded 
C-C series and simple combinations between this and the C-H series. 
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Fig. 2. Spectra obtained by Coblentz with a rock salt spectroscope. 
A—0.24mm hexane C—0.15mm dodecane 
B—0.15mm octane D—0.15mm hexadecane 


Fig. 2 gives a reproduction of some of Coblentz’s typical spectra” of 
compounds of the paraffin series, while Fig. 3 gives similar spectra for 
members of the benzene series. After the bands at 3.4u and 6.84 common 


* Published by permission of the Carnegie Institution of Washington. 
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to these substances, probably the most striking feature is a deep band 
near 14u. If we take this as the beginning of a C-C series we meet with 
only partial success in accounting for the numerous secondary bands 
of the shorter wave-length region. But if we assume that such a series 
originates at 28.0u, a region never investigated for such substances, 
we can account for these bands in a relatively simple manner. 

Such a series would predict a number of bands in the region between 
2u and 34. To search for these, and others, a new self-registering 
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Fig. 3. Spectra obtained by Coblentz with a rock salt spectroscope. 
A—0.16mm benzene 
B—0.01mm toluene 


A C—0.01mm o-xylene 


spectrothermograph, recently described by the author, has been 
assembled. This is equipped with quartz prisms, the combined refract- 
ing angles of which are equivalent to 180°. This instrument, although 
the prisms are small, has a fairly high dispersion. 

Figs. 4 and 5 show the spectra of several compounds obtained for 
the region between 2u and 3u with this machine. The dotted tracing 


* Ellis, J.O.S.A. and R.S.I. 11, (December 1925). 


JOSEPH W. ELLIS 


306 


above the absorption curve of p-xylene is an approximation of the 


The atmospheric carbon dioxide band 


original distribution of energy. 


ee 


Fig. 4. Absorption spectra obtaired with a registering quartz spectrograph. 


D—0.05mm o-xylene 
E—0.05mm m-xylene 


C—0.05mm mesitylene F—0.05mm p-xylene 


A—0.05mm benzene 
B—0.05mm toluene 


5. Absorption spectra obtained with a registering quartz spectrograph. 


Fig. 


C—0.05mm octane 


A—0.05mm pentane 
B—0.05mm hexane 


D—0.05mm decane 


at 2.734 and the water vapor band at 2.66u always appear in such a 


distribution curve. 


#4 Ellis, Phys. Rev. 26, 469 (1925). 
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This method of recording spectra has the disadvantage of not always 
indicating the relative intensities among the various bands. When the 
energy curve has a steep slope, a band of considerable intensity may be 
manifest only by a point of inflection in the absorption curve. Neverthe- 
less, repeated records show that great reliance may be placed upon the 
details of such curves. Thus, numerous minor bands, of importance in 
identifying members of a series, especially in the region between 2u and 
3u have been revealed. As an example, there is no doubt in the writer’s 
mind but the two points of inflection in the spectrum of benzene occur- 
ring in Fig. 4 between 2.18 and 2.52u represent bands at approximately 
2.32u and 2.44u. In toluene these have merged together into a broad 
band with maximum absorption at 2.38u, yet the duplicity of this 
band is still apparent. In the higher homologues, the xylenes and 
mesitylene, this combination band has been so deepened as to partially 
include the one at 2.18. 

If we assume a linear series of bands expressible by the formula, 


Yn! X10-2 = An=10.710, (4) 
or An = 28/n (4’) 


we seem to be able to trace the series to include about twenty-eight 
members, in the spectra of compounds of both the chain and the ring 
type. There are, however, numerous cases in which the bands become 
partially, or wholly, superposed upon members of the C-H series. In 
many cases, as heretofore explained, these are manifested by distinct 
points of inflection; while in other cases, although not capable of 
detection, these help to account for the abnormal depth of the C-H 


TABLE II 


Agreement between calculated wave-lengths of the 
C-H series and corresponding values observed in 
the spectra of various compounds. 


Cale. ben- tol- p-xy- mesity- pen- hexane hep- octane 
r zene uene_ lene lene tane tane 
CsHs CoHs CoH, CoHs CsHiz CeHue CrHie CoHis 
CH; (CHs): (CHs)s 


1 St 6.8: 6.855 6.852 6.85. ‘+ 6.862 +t 6.87% 
re Peteees 25 3.45 3.45 3.45 He 93 43 + 3.43 
ds 2.22 2.18* 2.19% 2.20** 2.20** ** * ** 
a Meet 665) 1-70" 1.705* 1.70% 1.705* 1.72* 1.72* 1.72* 
rs eee" 1375" 1.38" 1.37% 1.375* 1.38* 1.38" 1.385* 
de Petgoetd45* 1.155" 1.155 1.18* 1.185* 1.195* 1.19* 1.195* 
dz 1.022 1.03* 1.025* 1.02* 1.015* 1.015* 1.03* 1.035* 1.035* 
Ae 0.912 0.885 0.915 0.915* 0.915 0.915 0.925 0.925 0.930 
Xo 0.826 ft t aC fe 90-835." 3 f 
Aro 758° + t eer 70 tt HH: 7650 8 
5 a a 


Has another band superposed upon it. 
Occurs as a point of inflection only. 
No measurements recorded. 
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band. A good example of the latter occurs near 1.18, in which region 
the twenty-third, twenty-fourth and twenty-fifth members of the 
series of formula (4) become superposed upon the sixth member of the 
C-H series. It has also been stated that such superpositions cause an 
apparent shift of members of the C-H series to slightly different wave- 
length positions; but there are doubtless real shifts in the positions of 
these bands as well. However, the molecule as a whole has a surprisingly 
small effect upon these spectra. The agreement of the observed wave- 
length values of the C-H bands of a number of substances of the two 
types mentioned above with the values calculated from formula (1) is 
shown in Table II. 

Table Ii] shows the agreement between the observed bands attributed 
to a C-C series in the spectra of benzene and its simple methyl deriva- 
tives and their corresponding members calculated from formula (4). 
Table IV gives a similar agreement in the case of liquids of the paraffin 


series. 
TABLE III 
Calculated and observed wave-lengths in a 
C-C series for benzene and its homologues. 
tol- O-Xy- m-xy- p-xy-  mesity- 
Calc Calc. _ ben- uene lene lene lene lene 
v’X10 2 oN zene CeHs CeH, CeH, C.H, C,H; 
CeHe (CHs) (CH3)2 (CH3)2 (CHs3)2 (CHs)s 
rn’; er 28.0u tt t# ## ## ## t# 
V's 21.4 14.0 14.14 13.854 ~413°55@ "12. 95p5 20s 
d's 251 On3a . 9.3 Oo: 2 9.0,9.6 9.65 
d's 42.8 7.00 ide 7a3e YGie be eaceis ae 1B ie 
d's 5o00 5200" ee 20 5:30 Son 5.4 ki 
r’s 64.2 4.67 
rz 74.9 4.00 
d's 85.6 Sno 5 . F Se 
r’9 96.3 ea / i : Z iY 7 
N10 107.1 2 80 E28 2.8 2182 2.78 2.8 
N14 117.8 2545-72352 2255 2.54 2752 pad 2.54 
N12 128.5 IRR EN ho, 2.32** . 2.33** 2 33S oo 
13 139.2 215° 2818 eee 2 520% 2-20" 2.20**"" 2a 
N14 149.9 2 (00 © 2) OS Saaz eon 2 .0* 2204 2 .03* 2 .02* 
A‘ 16 160.6 186579 sho S55 aloo 1.86 1.86 1.86 1.86 
A‘ 16 WER 1275704 {Bae LY oe 1.75** 1 1S" es 
Miz 182.0 1.645 1 6658" ae 1.64** 1.64**. 7.705" see 
N18 Loos 12559) aa “* 
A“19 203.4 1.475. 1.47 1.475**--1,.46** —§1.46**) 1047 Ss 
X90 214.0 1:400 1.39% © 1.375* 91,40** 10403 eee ivsie 
do 224.8 1.335. 1.33" 30375" 15334471 13te 
er 235-6 1.270 
A‘ 93 246.3 12215 +t a 1.21** . 1° 2155 teins 
N04 257.0 1.165 .4.145* 1.155* -1:17**% Vola *S 
r’ 26 267.8 1.120 14.145* 41.155* 1.11** 1°11" ee 
Nog Bape O58 — 1075 1506** 170. 
N97 289 .3 1.035 1.03*.. 1.025* 1.03** 1.03** 00S ee 
N08 300 .0 1 000° 21.037) "31702 50 eu 1x0 1.02* 1:0134 


* Superposed upon another band. 
** Occurs as a point of inflection only. 
## Region never investigated. 
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In these tables the values for the second, third, fourth and fifth members 
are taken from Coblentz’s data, the values for the tenth to the thirteenth 
members inclusive from the records of the present investigation, while 
those for the last fifteen members, with the exception of ortho- and 


TABLE IV 


Calculated and observed wave-lengths in a 
C-C series for paraffin compounds, 


Calc. 
v’X10 ” Calc.’ pentane hexane heptane octane decane 
CsHie CoH 4 C7Aie CsHig  CioH2 


1 Ua 28 .Ou si +1 tT th in| 
is ot 4 14.0 + 13.9 } 1563 t 
Me cy mal 9.35 : 9.4 f 9.3 ¢ 
ee A2.8 7.00 ‘ 7.35 t Fess t 
A 53.5 5.60 + Lets t SS t 
x, 64.2 4.67 ; t t 
as 74.9 4.00 + t , 
ate 85.6 3.50 + * + * ; 
As 96.3 seit t * t * t 
A Oye 2.80 38 2.8 + sae 2.8 
tre 1728 Cesdse | 2.5* 2255 t 25" 2.5* 
Meg 128.5 2.33 2 33%% Oia ex { DAES Krall MARES aes 
Wis 139.2 Oet5 ++ #* iT + + 
N14 149.9 2.00 2.02 2.02 2.0 2.0 2.0* 
ue 160.6 1.865 1.83 1a 1.83 1.83 1.90* 
Be (ye es 175 jeny5* 1.75* 175% ine 1.73* 
ee 182.0 10454. 51.-705* 1.72* OW We: 172% 12642" 
De a8 192.7 1.555 ég 
ea 203 .4 1.475 +% +4 +* sd 14 7** 
X20 214.0 1.4000 1..38* 1e38s 1.38* 1.385* 1.40** 
ay 224.8 1535-5 1f.38* iene 1.38* 1.385* 1.34** 
ae 235.6 1.270 

do 246.3 715 Seis 05* 17195" . 21,19" i. 195*oe Pete 
N24 25750, 1.465: 1.195* ieiOSt= eto * 105%" 1.18% 
A’, 267.8 1.120 1.195* AOS soe 19% {1957 ~ 11), 18 
N96 278.5 1.075 1.08 
N07 289 .3 ioscan 1.015* 1,035* 1.035* 1.035%2 1:03 
N08 300.0 PeO00 8 -15015* sot ee 1.035" 1.035* *1.0 


Superposed upon another band. 
Occurs as a point of inflection only. 
+t No measurements recorded. 

jj Region never investigated. 


meta-xylene and decane, are taken from the writer’s curves previously 
published. The short wave-length values for ortho-and meta-xylene 
and decane are taken from the new curves of this investigation recorded 
in Fig. 6. 

It has been pointed out that extrapolation of the C-H series indicates 
that the first member should occur at 6.444. The mean value actually 
observed by Coblentz for these compounds is about 6.85y, giving a 
discrepancy of about +0.4u. There is a discrepancy of +0.3u between 
the observed and calculated values for the fourth member of the C-C 
series at 7u. Furthermore, in the case of the open chain compounds 
there seems to bea corresponding error of about 0.24 in the fifth member 
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at 5.8u. These errors, if real, indicate a progressive error in the positions 
of bands between 3u and 8u which reaches a maximum value between 
6u and 7u and which disappears beyond 9y. If this error exists, it is 
doubtless due to inaccurate values of the refractive indices of rock-salt 
rather than to experimental errors, since measurements by various 
investigators are fairly consistent in this region. The writer is cognizant 
of the fact, however, that these indices have been determined by in- 
vestigators skillful in the technique of infra-red spectroscopy. 

There seems to be no detectable deviation from linearity in the case 
of this latter series, although according to Kratzer the members of the 


0.589 0. 


Fig. 6. Absorption spectra obtained with a registering quartz spectrograph. 

A—8mm decane 

B—8mm o-xylene 

C—8&mm m-xylene 
series originate from a cause which should also cause them to depart 
from a true multiple relationship, namely, the non-harmonic motion 
of the bonded atoms arising from the non-linearity in the law of force 
acting. However, in the case of the C-C pair we have a symmetry 
which is lacking in the C-H group. There probably is a greater ampli- 
tude of vibration in the latter case because of the relative lightness of 
the hydrogen atom, and hence we should expect a greater departure 
from true harmonic motion than occurs in the oscillations of a C-C pair. 


COMBINATION FREQUENCIES 


Kratzer’s theory is built upon a quantum theory basis, the absorption 
frequencies arising from successive integral changes in the rates of 
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TABLE V 
Combination bands of C-H and C-C series. 
CC EE eee 
calc. calc. ben- tol- O-xy- m-xy- -xv- 
vyxX1lo-? r zene uene abe eR fleck 
I ena oe 
viv’: 57.2 5.23 #% ita 5 .35* 5.35% * 
vity’s bS.2 .74.40 4.4 sy 
vyyty’s Loot 3.81 * * * # * 
vite’, 89.5 6635 * * * * * 
ayy’, 100.0 3.00 * * * * * 
vitv’s 110.5 rae il O-75 Py 72 DAG by hoa 
ty', 122.0 2.46 2.44* 9 239% 2.37* 2 .37* 2.37% 
vity’s 132.0 tae 2 .18* be dG 2.20* 2 .20* 2.20% 
vet’; 102.5 2.93 
vetv’'s 113.0 2.65 2.66 2.63 2.63 O54 
mrs 124.0 Bead 2.44* 2.38* 2 ais 7 ae he 2 .37* 
vot’ 134.5 0473 2.18* 2.19* 2.20* 2.20* 2.20% 
vet's 145.0 D207 2.05* 2.03* 2.05* 2.05 2.03* 
votpy’s 156.0 12925 1.89 1.86* 1.86% 1.86* 1.86* 
oy 145.5 2.06 2.05* 2.03* 2.05* 2.05* 2 .03* 
vyty’s 156.5 1.915 1.89* 1.86* 1.86* 1.86* 1.86* 
vyty’s 167.0 1.795 1.79* 1°70** 1.86% 1.86* 1.70* 
ee’, 178.0 1.685 1.66* 1.70% 1.70* 1.70* 1.70* 
p's 188.5 1.59 1.66* 1.70* 1.70* 1.70* 1.70* 
vyty’ 187.5 1.60 1.66* 1.70* 1.70% 1.70* 1.70* 
vetv’s 198.5 tot 
mtv’, 209.0 1.435 1.39% 1.375* + +4 {Haa% 
mtv’, 219.5 1.365 1.39% tt (5%u, + e608 1.36* 1.38% 
Combination bands of C-H and C-C series. 
calc calc. mesity- pentane hexane octane decane 
»vX107 r lene 

ryt’; Sie tem, | 5223 5 .35* # # 
Reps 68.2 4.40 + # sf # 
veln’s Or ie a3. 81 - i : # 
ny’, Sms, «3°35 * 2 . ¥ # 
yity’s 100.0 «3.00 + # , : # 
vit’, 110.5 Berl D272 Wey gy 2279 Ie: 2572 
vite’; 122.0 2.46 2 .36* 2238" 2 .38* OtaS" 238" 
rity’s 132.0 B07 ae brags 2a Re 238% 2 .38* 
vetv’; 102.5 2.93 
vetv's 113.0 2.65 2463 2.65 2.65 2.65 2.65 
voy’; 124.0 2.42 2.36* 2.38* 2 .38* 28% eG 
votv's 134.5 223 0 738 2:38* 2-38" Fae fal 
votv’s 145.0 Z.07 2.02* DOF 2-0 2.0% 2.08* 
voty’s 156.0 1.925 1.86* i haAS he 1.9* 1-9* 1.90* 
yyy’; 145.5 2.06 2.02* 2.0* 2.0* 20" 2 .08* 
v3+v's 156.5 1.915 1.86* 1.9* 1.9* 1.9” 1.90* 
va+v’s 167.0 1.795 170° 75" jy be 175" 1.80 
vay’, 178.0 1.685 1.70* teg05ts o(1x12* 11722 1. 72* 
vaty's 188.5 1.59 1.70* 1.60* 1372" 1.72" = 
vaty’; 18735 1.60 1.70* 1.60* {.72* 722 sc 
vaty’s 198.5 151 ‘ aa 
vate’s meet 4350 °«1.37*  18375* 1.38" 1.385 ; 
vty’, 219.5 1.365 1.37* ea 75ey 38" 1238* 1.37 


a eee 


* Superposed upon another band. 
Occurs as a point of inflection only. 


# No measurements recorded. 
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vibration within the molecule. It would seem probable that if a carbon 
atom is bonded both to a hydrogen and another carbon atom that a new 
frequency v. would be absorbed provided that ) 


Ve = Vin + Vn’ ° (5) 


where v,, and pv,’ are low frequency members of the C-H and C-C series 
respectively. This means that a quantum of energy would be divided 
between the two absorbing centers. 

Table V shows the new absorption frequencies to which such a 
phenomenon would give rise, and an attempted identification of their 
corresponding wave-lengths with bands actually observed in the curves 
of Figs. 1-6. The two series, with these simple combinations, seem to 
satisfactorily account for practically all of the bands, up to about 7y, 
observed in the spectra of the simple hydrocarbons. In no case do these 
series demand a band of major intensity which cannot be accounted for. 
The bands predicted by formulae (4) and (5) between 3.5u and 5.5u 
do not appear in the ordinary spectra, probably because of the un- 
usually low dispersion of rock salt in this region and the thinness of 
absorption cell used. In the instances where Coblentz used a large 
spectrometer, of greater resolution, many of these bands appeared. 
Their values have been included in Tables III, 1V and V. The numerous 
bands occurring more or less regularly between 8u and 15y, for all 
substances, and the rather prominent band at 6.2u in the spectrum of 
benzene and its derivatives, are not accounted for by such series. 

It also seems that the conditions would be appropriate for a division ~ 
of an energy quantum between two C-H groups sharing the same carbon 
atom. This would cause the second member of the C-H series to appear 
with unusual intensity. This phenomenon is observed, especially in 
the spectra of the paraffin compounds, as may be seen in Fig. 2. 

Methane, CH, should have a very simple spectrum, since it has only 
bonds of the C-H type. Coblentz’s curve shows it to have but three 
absorption bands, at 7.74, 3.314 and 2.35, which may be identified as 
the first three members of the C-H series, in spite of the shift of the 
first member toward longer wave-lengths. In the spectrum of ethane, 
C2He, these three bands appear, with the first member in the position 
which it occupies in the spectra of the higher liquid members of the 
paraffin series to which this gas belongs. It is impossible to identify 
any members of a C-C series, although there is an undefined group of 
bands at i12u. In the spectrum of butane, C4sHio, we have the three 
C-H bands as in ethane, and in addition there are bands at 14y and 
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5.654 which may be identified as the second and fifth members re- 
spectively of a C-C series. 

In the spectra of the ring compounds there is a considerable variation 
in the position of the 14u band. This band shifts progressively toward 
a shorter wave-length value with successive substitutions of a methyl 
group, CH;. In the spectra of the xylenes, CsH, - (CH3)., the position 
of this band also depends upon the positions of such substituted groups. 
Table VI shows the displacements of this band. Its average value for 
all the compounds examined by Coblentz is about 13.7u. The shorter 
wave-length spectra of the compounds of Table VI are quite similar. 


TABLE VI 


Displacement of the 14 w band in the 
spectra of the benzene derivatives. 


benzene 14.1pu 
toluene 13.50 
o-xylene | Blonas’ 
m-xylene 12395 
p-xylene £245 
mesitylene 5 AS 


If C-C and C-H pairs of atoms give rise to linear, or approximately 
linear, series of absorption bands, then we should expect other bonded 
pairs within the molecule to behave in a similar manner. Ina later paper 
it will be shown that the shorter wave-length bands occurring in addi- 
tion to the members of the C-H series in the spectra of simple halogen 
derivatives of the benzene and paraffin series can be accounted for on 
the basis of carbon-halogen series starting near 174, and combinations 
between such series and the carbon-hydrogen series. 


DEPARTMENT OF PHYSICS, 
UNIVERSITY OF CALIFORNIA, SOUTHERN BRANCH, 
November 30, 1925. 
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CHANGES IN THE REFRACTIVE INDEX OF HELIUM 
PRODUCED BY A GLOW DISCHAR 


By W. H. McCurpy* anp A. BRAMLEY 


ABSTRACT 


Interferometer method of measuring the concentration of ions and excited 
atoms in a glow discharge.—According to the Lorentz theory, the presence 
of atoms in a state s should change the index of refraction of the discharge for 
light of wave-length (A=As+6ds) by an amount 6” =(Nge?/82c?m) (A3,/5As), 
where JN, is the concentration of excited atoms. Kramer’s theory leads to a 
somewhat different relation. To measure 6n, a Michelson interferometer was 
used into one arm of which was introduced a cylindrical discharge tube with a 
filament cathode in a side arm, and a ring anode, so that the light passed along 
the positive column. In the tests made with He, an iron arc was used as source, 
and the light from the half silvered mirror was focussed on the slit of a spectro- 
graph. When the glow discharge was started (30 to 40 m-amp:), shifts to .2 to 
.5 fringe were observed for about 15 Fe lines. In each case the shift was positive 
or negative according as the wave-length was greater or less than that of a 
neighboring He line. The results are not quantitative as yet but prove the prac- 
ticability of the method, } 


REVIOUS methods of determining the concentration of ions in 

gaseous discharges! may introduce electrical disturbances arising from 
the presence of exploring electrodes which, in some cases, cause doubt 
about the accuracy of the results. Furthermore, these methods are 
powerless to detect or to measure the concentration of excited atoms or 
molecules, which often play an important réle.2 For these reasons the 
following optical method has been devised to measure these concen- 
trations and the preliminary tests prove it to be capable of practical 
application. The method is based on measurement of the refractivity 
of the gas in the spectral region close to emission or absorption lines in 
its spectrum, and the interpretation of these measurements by current 
theories of optical dispersion. The possibility of making such meas- 
urements was demonstrated by Ladenburg and Loria.’ 

The apparatus (Fig. 1) consisted of a discharge tube 6 inches (15.2 
cm) long, placed in one arm of a Michelson interferometer. The tube 


* National Research Fellow in Physics. 

‘Langmuir and Mott-Smith, Gen. Elec. Rev. 26, p. 731 (1923); 27, pp. 444-538 
(1924), 

* Compton, Turner and McCurdy, Phys. Rev. 24, p.597 (1924). 

* Ladenburg and Loria, Verh. d. D. Phys. Ges. 10, p. 858 (1908). 
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itself was made with a hot cathode F in a side tube and a ring anode A 
through which the light could pass, and with the two optical glass end 
plates cemented to the ground ends of the tube. By this arrangement 
the part of the discharge in the arm of the interferometer included only 
the positive column, which contains the highest concentration of ex- 
cited atoms. 

The success of the experiment depended upon the use of light of 
practically the same wave-length as that of a line in the spectrum of the 
positive column. A strong iron arc S was used as the source of light for 
the interferometer. The light, after passing through the interferometer, 
was bent to a convenient direction by a right angle prism P and focussed 
by a system of lenses on the slit J of a monochromatic illuminator of 


M’ 
ws 


Fig. 1. Diagram of apparatus. 


“an 


good resolving power. The fringes were then observed by means of a 
telescope after the light had been resolved by the illuminator. In order 
to measure the amount of shifting of the fringe system on starting or 
stoping the discharge, the telescope was replaced by a camera with an 
equivalent lens system. The displacement of the fringe system due to 
the change in refractive index on starting the discharge, was recorded 
with the camera by taking three adjacent exposures, the two outside 
being with no discharge while the center one was taken with the dis- 
charge running. This gave a convenient method of determining the 
fraction part of a fringe separation by which the system had been 
moved by the action of the discharge. 

As this method depends on measuring the change in the refractive 
index of the gas with regard to a certain line when the discharge is 
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started, we will next consider the various formulas which connect the 

index of refraction with the concentration of atoms in the various 

states. According to Lorentz’s formula, the index of refraction m is 

connected with the wave-length \ of the light used and concentration 

N and natural wave-length A, of the atoms in the s state by the relation 
e N As! , 


=) = —=-- CONSE 1 
An?c?m (\?—2,”) 2 Mt) 


if \, differs from \ by a small quantity. Taking the case of normal in- 
cidence of light on the mirrors, the condition for a fringe (darkness) 
at a given position is 

2dn= pr 
where p is an integer and d is the difference of the distances of the two 


mirrors M and M’ from the half-silvered mirror B. Thus the change 
in m corresponding to a fractional shift f is 


én = (/2))f (2) 


where / is the length of the tube. Letting \=A,+6A, we find for JN, in 
terms of f, A, and 6A, the expression 


N; =>) ee = 10——f (3) 
where 6A, is measured in angstroms and \, in microns. 


According to Kramers,’ if the atom is in a state s which absorbs 
energy of frequency Dcestee ays and emits energy of frequency 


eae al Vs, under the influence of external radiation, while A,, 
é é . e e k bY . 
AM and A;,- - - -A,, represent the probabilities of a transi- 


tion from the state s to a lower or higher energy level with the emission 

or absorption of energy respectively, and if N is the total number of 

atoms and Ts, and oe represent the life of the excited state s; for the 
frequency Vs, and Vs. then 

n?— 1 = N | Py jini! WiC sige — Vettes: a | 

4n°c?m (d2—(d,")?) 4n?cem (2 —(A,°)?) 

-+const., 

where \,* and X,° lie near \. Since the above type of apparatus measures 

only the change in refractive index in the neighborhood of a particular 

line, the frequency A,* must equal A,* and Kramer’s equation becomes 


* Kramers, Nature, May 10, 1924, p. 273 and Aug. 30, 1924, p. 310. 
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e?N Az! 
n—l{= — |A,*7,¢— A,*r,¢ | _—__— st. 
Aid Soy, T T | Qt—a2)) const 


The quantity N[A,°7r,*—A,°7,°] which replaces the concentration 
N, of Lorentz’s classical formula, represents the average increase per 
unit time in the number of atoms in the state s due to the absorption 
and emission of light of frequency ». 

In the following table are given the observed fringe shifts for the 
various excited states of He, investigated in the visible and violet region 
of the spectrum by this method. The intensity of the lines are given in 
the bracket, while the shifts are given as fractions of one fringe spacing. 
In addition to these, shifts with about eight other lines were observed 


TABLE 1 

Current * 
in tube State He line Fe line Shift 
30m-amp 1P — 3D 4921 .929 (4) 4920.52 (6) — .4 fringe 
30 tp -— 4D) 4387 .928 (3) 4383.55 (10) — 3 
40 1P —4D 4387 .928 (3) 4404. ,18* 
40 ie = 5D aIASe si (2) 4143.88 (6) 

— 57 

4143.43 (6) J 

35 1P — 2S WO44. 130 (2) 5049.8 (5) —.12 


visually, but not measured. In all cases the shift was positive or nega- 
tive, according as the light was of wave-length greater or less than that 
of the neighboring helium line. As no shift could be observed for the 
lines which were 30 or 40 Angstroms from the nearest line of the helium 
spectrum, the temperature change on starting the dischazge must have 
been negligible. 

These results prove the practicability of the method and the possi- 
bility, with refinements and added data, of testing the existence of 
negative terms postulated in Kramer’s dispersion formula and of 
using refractivity to measure the distribution of atoms in excited states 
in a discharge. This further work is now being carried on by one of us 


(W. H. Mc.). 


PALMER PuysicAL LABORATORY, 
PRINCETON, N. J. 
October 14, 1925. 


* This shift appears to be too large. The observed effect is probably in error. 
t This shift might have been either + or — in sign as it was impossible to tell from 


the photographs in which direction the shift had occurred without taking visual observa- 
tions, 
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COMPLEX MAGNETIZATION 


By EUGENE PETERSON 


ABSTRACT 


Magnetization of silicon steel by two sinusoidal fields of differing fre- 
quencies.—T he energy loss per cycle W and the flux density B associated with 
each of the two frequencies were determined when the two sinusoidal magne- 
tizing forces were simultaneously impressed on a toroidal silicon steel core 
built up of one-mil laminations. A null method was used which permitted 
suppression of the modulated currents and constancy of the impressed currents 
during manipulation for balance. The frequencies used were 400, 821 and 1582. 
Six sets of measurements were taken with fixed magnetizing forces ranging from 
0.5 to 10 gilberts/cm and superposed forces up to 15 gilberts/em. The results 
show that the effect of superposition depends upon the relative amplitudes and 
upon the frequency ratio R of the superposed frequency to the other. At low 
fixed fields W and B go through maxima as the superposed field is increased, 
the maximum value increasing with R. The maximum is less pronounced or 
absent for the higher fixed fields. In general B is smaller with a low than with 
a high value of R other things being equal. The effect on W is not as sharply 
defined; in general the effect of superposition is more pronounced the higher 
the superposed frequency. The amplitude effect and frequency ratio effect 
are shown to be in general agreement with conclusions drawn from mathe- 
matical treatment of somewhat simplified cases and it is concluded that the 
effects are not inconsistent with purely hysteretic phenomena. 


HE present investigation is concerned with the behavior of iron 

under the simultaneous influence of two sinusoidal magnetizing 
forces, particularly with reference to the distribution of flux and of 
energy loss between the two superposed frequencies. The problem has 
apparently received no consideration although numerous investigators 
have determined the effect of an alternating magnetizing force on the flux 
due to a constant or slowly varying magnetizing force,! and others have 
determined the flux and energy associated with a high frequency force 
at various points of a cycle of low frequency magnetization.” 


EXPERIMENTAL ARRANGEMENT 


Supression of modulation. The varying reaction of an iron core coil 
during a cycle of the impressed field gives rise to new frequencies which 
are the sum and difference of integral multiples of each of the two 
impressed frequencies such that the sum of the integers is odd. Two 


* From Lord Rayleigh, Phil. Mag. 1887, to Spooner Phys. Rev. April 1925. 
* Turner, Phys. Rev. 21, 74 (1923). 


Fondiller and Martin, J.A.I.E.E. 1921. 
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distinct effects are produced by the flow of these modulated currents; 
the problem is complicated in a manner which is unknown since the 
effect is precisely the one in question in the simplest possible case of two 
impressed frequencies, and further, the flow of modulated current must 
produce in general an effective resistance and reactance to the funda- 
mental frequencies. It is certain then that an investigation of the pro- 
perties of iron under the action of alternating forces must be carried 
out in the absence of modulated components in the magnetizing force. 

The desired suppression may be approximated to a satisfactory de- 
gree through the use of networks as shown in Fig. 1A marked fifs, 
which have the properties that energy from the sources is transmitted 
to the coil with small attenuation, that a high impedance is offered to 


Fig. 1A 


frequencies outside the transmitted range, and that the surge impedance 
of the networks is large compared to the coil impedance. This method 
also permits us to measure each of the two current components by in- 
serting thermocouples and associated micro-ammeters at the points 
TiT> indicated in the figure. 

Method of measurement, flux density and loss per cycle. The necessity 
for suppressing modulated components and the convenience of keeping 
the currents constant during a measurement led to the adoption of 
two methods,* one involving a Braun tube and the other involving an 
aural balance. The latter was used for the quantitative determination 


* These conditions rule out the usual type of bridge. Suppression of poe aS 
components may be effected in the bridge by inserting two large inductance coils having 
a high coupling coefficient in the two branches between which the generator current 
divides—and in one of which the iron-core coil is placed. The second condition is Bee 
unsatisfied however. 
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since it is capable of greater precision than the first; the first, however, 
enables one to explore the field in qualitative fashion (visually) in a 
comparatively short time; we may dispose of it with the statement that 
it depends upon the integration of the voltage due to the flux change by 
a condenser, and that desired components are selected by tuned cir- 
cuits, amplified without distortion, and impressed upon the Braun 
tube plates to give component B-# ellipses. 

The following null-method, which was used for the quantitative 
determination, is based upon the balancing of two voltages proportional 
to the flux and to the magnetizing force respectively. The particular 
arrangement used is shown in Fig. 1B, and involves the variation 
of capacity C and resistance 7 to attain balance, the other quantities 
Ro, 71, R, and C, being fairly well fixed. 

The two potentials to be balanced are taken from Ro and C, respec- 
tively, and phase and amplitude adjustments are effected through 1, 7, 
and C which are connected in series across Ro. The potential across 


TO NETWORKS 


70 AMPLIFIERS, TUNED 
CCTS AND TELEPHONES. 


Fig. 1B 


Cy is taken from a closely coupled secondary through a relatively high 
resistance in order that the secondary may have inappreciable reac- 
tion upon the primary, as well as to have the measurements independent 
of the primary winding resistance. Ro is made small compared to 7 to 
keep the primary currents unchanged throughout the manipulation for 
balance; if it were otherwise the observations at definite currents 
would involve successive approximations or the equivalent. 

A succession of amplifiers and tuned circuits is used to provide a 
sensitive indication of the balance point in connection with telephone 
receivers. The first stage of the amplifier is made to have a large load 
capacity so that modulation may not take place in the amplifier itself, 
since the balancing of the two voltages refers simply to a single fre- 
quency, and the tuned circuits are used to eliminate disturbing com- 
ponents produced by the coil which would otherwise obscure the null 
point since there are always, in general, modulated components near 
the fundamentals. 
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At the null point it may be shown that the flux linking with the 
secondary is given by 


CoRoI /(RP+1/f£°C%y) (P+1/P2C2)s } 
B=——10(—— 


tien aists P41 /27C3 


no 


where 1 is the number of turns of wire on the secondary, a is the core 
cross-section and J is the primary current, and that the phase angle of 
B referred to H/ is given by 


6=cot pC(Rotr+n) —cotpCr—cot—'pCeRe. 
The energy loss in ergs per cycle per cc of core material is given by 
4W,=2B,H;, sin 6; 


in which k refers to the component. 

Instability of current® with applied e.m.f. is avoided by making the 

ratio of resistance to reactance of the circuit large, as may be shown 
analytically by application of the method of perturbations‘ to a simple 
B-H characteristic, and this condition works in the same direction as 
the condition for the suppression of modulated components. 
- Connections and apparatus were shielded and spaced inasmuch as 
high potentials were developed in the networks which would otherwise 
induce potentials in the sensitive amplifiers used to indicate balance 
and so lead to a false null-point. Further, shielded transformers were 
used at appropriate points to reduce capacitive coupling between the 
two sides of the shield. As a result of these precautions the currents 
at the highest frequency employed (1582 cycles) were found to be the 
same within one-third percent (within the error of observation) in the 
two wires leading to the coil, and the amplifier was found to have no 
potentials induced when the input terminals were short-circuited. 

The frequencies chosen for the work were 400, 821 and 1582 cycles 
so that there were available frequency ratios of 3.95, 2.05, 1.93 and 
their reciprocals, made non-integral to avoid effects due to the relative 
phase of the two inputs, and adjusted to avoid formation of compara- 
tively low impedance paths to the modulated products* of low order. 
These frequencies were used in pairs during the experiments and were 
supplied by vacuum tube oscillators and amplifiers, the frequency and 
amplitude being quite stable. 

’ Martienssen, Phys. Zeit., 11, 448, (1910). 

‘ Analogous to Appleton’s treatment af the vibration galvanometer. Phil. Mag. 47, 
609 (1924), 


*The last effect may be avoide1 in this case by using the bridge arrangement men- 
tione| in the previous note. 
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The specimen. The core was built up of 17 rings of one mil (.025 mm) 
silicon steel having an inside diameter of one-half inch (1.27 cm) and 
a radial thickness of one-sixteenth inch, the weight being 0.237 gr and 
the cross-section .0070 cm?. The winding consisted of two sections of 
750 turns each uniformly distributed about the core and arranged to 
produce no cross-magnetization, by having alternate layers wound with 
a negative pitch. The coupling coefficient was measured at a low force 
and found to be 0.99; the turns ratio was found by reversing the wind- 
ings to be 1.02, so that the data presented are to be increased by one 
percent. The resonant frequency of the coil under test was found to be 
of the order of 50,000 cycles so that resonant effects in the windings 
have negligible effect on the measurements. 


EXPERIMENTAL PROCEDURE 


Six sets of measurements were taken over the range of magnetizing 
forces from 0.5 to 10.0 gilberts/cm r.m.s. so as to include regions on 
both sides of the maximum a.c. permeability which is found at about 
2.5 gilberts/cm. The procedure followed during the measurements was 
to have the output of the oscillator supplying the measured frequency 
maintained constant so as to give 0.5, 1.4, 2.5, 4:4; 7.0 and 0 pit 
berts/cm in turn, and with the tuned circuits adjusted, to balance ata 
number of values of superposed current for each of the six frequency 
combinations. 

In this sort of work the balance point drifts with time and depends 
upon the previous magnetic history. To make matters definite, there- 
fore, a fairly large magnetizing force was applied for a few minutes 
before each run and the measurements proceeded from large fields down 
to small ones. It was usually found possible to check the results at 
different times to within five percent, although the settings were made 
usually to three or four places. The precision of adjustment was thus 
greater than the stability of the iron. 


EXPERIMENTAL RESULTS 


Flux Density. For clearness in presenting the results we have plotted 
the flux densities (Fig. 2) and energy losses per cc per cycle (Fig. 3) 
separately and, of the six constant fields H’ at which the amplitude and 
frequency of the superposed field H were varied, three of the more re- 
presentative ones have been plotted, corresponding to the fields H’ 0.5, 
2.5,and 7.0 gilberts/cm. The difference in the six curves plotted for any 
one value of H’ proceeds simply from the different frequency ratios 
involved. Flux densities and magnetizing forces are specified by r.m.s. 
values and the energy loss per cc per cycle is given in ergs.! 


+ The ordinates of Figs. 2, 3 are to be multiplied by 1000. 
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Thus to consider flux densities first we have at H’=0.5 a group of 
which the topmost curve represents the effect on the B at 400 cycles of 
a superposed H at 1582 cycles, which for convenience may be designated 
as the By-Hi¢ characteristic. B increases by a factor of over four as Hyg 
increases to 1.6 and then decreases at a slower rate. The next lower 
curves representing By-His and By,-Hs, are almost coincident and reach 
maxima slightly less than four times the initial flux density. The 
curves B;-H,, Bis-s, Bis-H1, reach maxima of about 2.5 times the 
initial and are almost coincident. To sum up, the effect of a superposed 
force at H’=0.5 is to cause the flux, or,what is the same thing, the per- 


fee. | | 


FLUX DENSITY AS FUNCTION 
OF SUPERPOSED MAGNETISING FORCE —__! 
H’=70 25 05 
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BUPERPOSEO MAGNETISING FORCE 


Fig. 2 


meability to pass through a maximum, the magnitude of the maximum 
being greater for the lower frequency than for the higher. At large 
superposed fields all characteristic curves tend to coincide. 

_ Atan H’ of 1.4 (not shown) the curves lie in the order of the frequency 
ratio. Superposition produces a smaller increase (a ratio of less than 
two in the case of By,-Hy.) than was the case of an H’ of 0.5, but the 
By-H; characteristic diverges more than it did at the lower 7 and drops 
decidedly after passing through a slight maximum at a low #7. Passing 
on to the second group for an H’ of 2.5 at which the permeability is 
maximum, we find the increase due to superposition to be twenty-two 
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percent for By-His and about ten percent for By-Hs or Bs-Hys. The 
maxima are found at larger superposed H’s than was the case in the 
previous curves, and it seems that the superposed H required is slightly 
greater when the ratio of the superposed frequency to the original 
decreases. When the superposed H is made lower in frequency than the 
original, the curves pass through no maximum but decrease slowly at 
first and then rapidly, and seem to approach the H axis asymptotically. 
The curves again lie in the order of their frequency ratios. 

The results obtained with fields of H’=4.4, 7.0 and 10, of which only 
one (H’=7) is plotted, are very similar and again the curves are found 
arranged according to frequency ratio. 

We may summarize the effect of superposition upon flux density (or 
its equivalent in this case; permeability) by saying that with two im- 
pressed frequencies the flux of the low frequency is greater than that of 
the high frequency over the greater part of the characteristic so that the 
low frequency will pass through higher maxima, or the high frequency 
will start to decrease at lower superposed fields. There is apparently a 
further influence of the frequency ratio, such that a greater frequency 
ratio leads in general to a more pronounced effect and this is evidenced 
with frequency ratios differing by as little as six percent. This answers 
the question as to the partition of flux between the two frequencies 
impressed ; the lower frequency has the greater flux density with equal 
fields of the two frequencies. 

Energy Loss per Cycle. The determination of energy loss is some- 
what less definite than that of flux since the variation with time appears 
to be somewhat greater. The results, with the same fields as those 
used for the flux density measurements, are shown in Fig. 3. The first 
group at H’=0.5 exhibits a larger change (maximum ratio of 6.3, 
minimum of 3.2) with superposed H than did the flux, and the maxima 
are found in general at lower superposed H’s. As with the flux the group 
of curves representing the effect of a higher superposed frequency lies 
above that representing a superposed frequency ratio of less than unity, 
considering the region near the maxima, but the curves are no longer 
ordered within each group corresponding to the frequency ratio. There 
also appears some tendency for the two groups to interchange relative 
positions at high fields. When the constant magnetizing force is main- 
tained at 1.4 (not shown) the two frequency groups show the same effect 
but the change in energy loss is much reduced, as was true of the flux 
in similar circumstances. The curves are ordered according to the fre- 
quency ratio in the neighborhood of the maxima although they show a 
tendency to cross one another at higher fields. At H’=2.5 the energy 
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peak is much reduced. The curves for superposed frequency ratio 
greater than unity pass through more pronounced maxima than the 
lower frequency ratio group, the two groups intersecting at large fields. 
The effect of eddy currents is apparent from the order of the curves at 
zero superposed H, the ordinates increasing with the measured fre- 
quency. 

At H’=4.4 (not shown) we find more pronounced maxima and greater 
rate of decrease for the higher ratio group. The results for H’=7 and 
for H’=10 (not shown) are quite similar bringing out the relations more 
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clearly, and also showing a greater effect of eddy currents. It is only 
for ratios of superposed to measured frequency greater than unity 
that a maximum occurs, and these characteristics exhibit the greatest 
rate of decrease. Except for the effect of eddy currents, for which allow- 
ance may be made roughly from the initial values, the curves appear 
to be ordered as to frequency ratio. 

We may summarize the results of the experiments on energy loss 
per cycle as follows: The maxima with high superposed frequencies are 
more pronounced and the decrease is more rapid beyond the maxima 
so that in general as we pass out to increased superposed fields we find 
the order of the characteristics inverted; the high superposed fre- 
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quency curves lie below the lower frequency ones. Thus the partition 
of energy loss between the two input frequencies depends decidedly 
upon the superposed field strength. These effects are somewhat 
masked by eddy current losses at high fields but the same conclusions 
may be made if we adjust the curves corresponding to the different 
frequencies to have the same initial.energy loss. The maxima are found 
at all fields investigated when the superposed frequency is greater than 
that measured. The course of the phenomenon bears a general resem- 
blance to that of flux density although the maxima occur at lower super- 
posed fields. 

It is easy to find regions in which the total energy loss under super- 
posed conditions is less than the energy loss with a high frequency alone 
impressed; this corresponds to hysteresis suppression and appears to 
find a ready explanation in the shifting of the displaced high frequency 
loops to regions of small energy loss which exist along the more nearly 
saturated parts of the magnetization characteristic. | 

It may be stated that other magnetic materials, permalloy for ex- 
ample, show the same sort of effects due to superposition as those ob- 
served in silicon steel. 


DISCUSSION OF RESULTS 


One question which arises upon inspection of the data is as to the 
cause of the frequency ratio effect there evidenced; a complete answer 
is of course impossible but it may at least be shown that the frequency 
ratio effect is not inconsistent with a hysteresis cycle, itself independent 
of the frequency or frequency ratio. The hysteresis loop used for the 
analysis is obtained from Honda and Okubo’s extension® of Ewing’s 
model which presents perhaps the least unsatisfactory picture of the 
course of the B-H loop. Fig. 4 represents a typical loop in which the - 
equilibrium axis of a single complex is taken at 60° to the axis of the 
impressed magnetizing force; the full lines represent stable states and 
the dotted lines unstable states. Subsidiary loops are to be observed. 
The result is independent of the frequency of the applied force except 
in so far as temperature agitation may cause irreversible changes 
through shifting in effect the angle of the complex. 

We now suppose a two-frequency magnetizing force to be impressed 
on a loop idealized by having the lines representing stable states parallel 
to the h-axis and by putting unstable states at convenient points. 
The two fundamental components may be calculated by the usual 
methods of Fourier analysis which are rather long in the cases considered 


* Honda and Okubo, Tohoku Univ. Sci. Report V, 153 (1916). 
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despite the simplifications mentioned above. The results of the calcu- 
lation are tabulated below: 


Ratio of Measured Flux Density E is 
to Superposed Frequency proportional to Pee ont racks 
155 9.65 8.25 
1:3 8.36 6.15 
3:1 6.71 5.94 
5:1 4.56 3.99 


and are observed to be ordered as to frequency ratio; we may conclude 
that the frequency-ratio effect is capable of production by purely hys- 
teretic loops. 


HYSTERESIS LOOP FOR 
COMPLEX AT GO° 


Fig. 4 


The curves obtained experimentally in the case of a large ratio of the 
superposed to the measured frequency are similar to those obtained 
with a single constant impressed force plotted as a function of tempera- 
ture in this respect, that the flux passes through a maximum at low 
fields and decreases progressively at high fields. A complex may possibly 
take up the increased energy due to heat in two ways; in changing the 
angle of the lattice considered as a whole—an organizing effect because 
of the irreversible changes mentioned above—and in changing the 
angles of the elementary magnets within the complex which would have 
a disorganizing effect. Apparently the first effect is preponderant with 
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small magnetizing forces and the second necessarily with large forces. 
The effect of a superposed magnetizing force differs from that of heat 
since the superposed force is applied substantially along a unique axis 
at a definite frequency. 

It may be shown that in the case of a small high frequency and a 
large low frequency force, the high frequency permeability depends 
roughly upon the permeability to the low frequency field and that the 
low frequency flux is practically unaffected by the superposed high fre- 
quency, as is found experimentally. This is accomplished by expressing 
the hysteresis loop branches of a family of hysteresis loops by double 
power series and combining in a Fourier series for a complete cycle. 

The writer acknowledges his obligation to Professor Wills and to 
Professor Webb of Columbia University for suggestions and encourage- 
ment. 
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ASSOCIATION, ADSORPTION, AND DIELECTRIC CONSTANT 
By-C, 1. ZAHN 


ABSTRACT 


Dielectric constant of water vapor at pressures 3 to 20 mm and at tem- 
peratures 23 to 165°C.—Using a heterodyne beat method previously de- 
scribed, a study has been made of the variation of the dielectric constant with 
pressure and temperature. At room temperature, the curve connecting 
(e—1) with pressure consists of two straight parts connected by a transition 
curve. This change of slope is less marked at higher temperatures and dis- 
appears at about 47°C. The rectilinear portion below the transition pressure 
corresponds to the normal behavior of water vapor. The abnormal behavior 
above the transition pressure cannot be explained satisfactorily by the associa- 
tion theory suggested by Jona in connection with his results. It is suggested, 
rather, that the anomaly is due to the formation of an adsorbed layer of water 
on the condenser plates. As the number of adsorbed molecules increases, the 
vapor pressure increases, approaching the ordinary vapor pressure as a limit. 
The final thickness of the layer at saturation pressure is of the order of the 
radius of molecular attraction and comes out of the order of several microns, 
corresponding to about 200 molecular layers. The experimental results are 
in general agreement with this theory. 


N a recent series! of measurements of the dielectric constants of a 

number of dipole gases by the author, complete agreement with the 
Debye theory was obtained except for the possibility of very slight 
deviations in one or two cases. On the other hand experiments by 
Jona? showed marked anomalous increases of the dielectric constant 
near the liquefaction points of several vapors. SO: among others 
showed a considerable increase. More recent observations by the 
author did not show this effect. Jona attributed the effect to association 
of the molecules with an accompanying increase in the electric moment 
of the resulting molecule. On account of these apparent inconsistencies 
a more thorough investigation of this effect has been made both theoreti- 
cally and experimentally. 


ASSOCIATION AND THE DIELECTRIC CONSTANT 
Debye’s equation may be put in the form 
(e—1)=N(a+0/T) 
'C. T, Zahn, Phys, Rev. 4, 400 (1924). : 
C. P. Smyth and C. T. Zahn, Journ. Amer. Chem. Soc. 47, 2501 (1925). 


And recent data on CO,, NH, and SO, about to appear. 
* M. Jona, Phys. Zeits. 20, 14 (1919). 
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where ¢ is the dielectric constant, V the number of molecules per cubic 
centimeter, 7 the absolute temperature, a a constant representing the 
effect of molecular distortion, and b a constant proportional to the 
square of the molecular electric moment and representing the effect 
of molecular orientation. If the gas consists of a mixture of two kinds 
of molecules defined by Ni, a1, 61 and Ng, a2, be then 


(e— 1) = Nai t+ Neoade+(N 101+ N2b2)/T 


If these two types of molecules correspond to single and to double 
(associated) molecules and the law of additivity of refractivity be 
assumed; i.e., @2=2a, then 


th 
NitNe 


where ¢2=N2/Ni+ No, the concentration of double molecules and r= 
bo/b; =Mo?/1", the square of the ratio of the electric moments of the 
double and single molecules. Asa first approximation it is assumed that 
the partial pressures of the two constituents can be determined from 
the ideal gas law which can be stated p;=7.N,/273No where Np is 
the number of gas molecules per cubic centimeter at 0°C and 760 mm 
Hg. Then 


by 
—- =(1+¢c)a,;+ [it+(r— 1)¢s] a 


ye (Ni+N2) 
pH=hi Pa BN, A 2 


or 
NitNe=273Nob/T 


and the modified Debye equation becomes 


SOE = (ade [tee 

373i ale 4 ae 
or 

Sete 5 [1 1)ca]b 

2713p | c2)aiT + |1+(r—1)ce]dr. 


The concentration cz should be determinable from the thermodyna- 
mical consideration of equilibrium as Jona? has pointed out. According 
to Planck’s* expression for chemical equilibrium in gaseous systems 


Vy, Vo 
Cy Can fae = Ae “BITTC ph 


or for the simple case of association 

oe 
—-AeB/ITTCh . 
C2 


* Planck, Thermodynamik, 4 Aufl., 1913, § 241, p. 222. 
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It should be noted here that there is apparently a misprint in Planck’s 
fourth edition at the top of page 223. The statement is made that the 
conservation of molecular heats requires that 2y,Cp,=0. The correct 
statement should be 2v1C,,=0 which is equivalent to YiCp,=2”1. 
Accordingly in Jona’s article, page 19, Eq. (9) should be C =1 instead 
of C=0. This introduces a factor of T which he left out. Even so the 
principle of conservation of molecular heats seem untenable in view of 

the equipartition theory. A single molecule of water should have about 
6 to 7 degrees of freedom judging from the ratio of the specific heats of 
steam. According to the quantum theory this would correspond to 
three degrees of translation and three degrees of rotation completely 
established and a small amount of vibrational energy for which the 
classical value is only partially established because of the low tem- 
perature. Hence the double molecule would be expected to have about 
the same molecular heat as the single molecule unless a large amount of 
vibrational motion is set up at low temperatures. One would then 
expect C to be considerably greater than unity. C must then be regarded 
as an indeterminate exponent probably greater than unity. This may 
be responsible for Jona’s lack of agreement for the quantity a/R with 
Sackur’s value. 

The fact that C is an indeterminate exponent shows that Jona’s ex- 
tended Clausius-Mossoti equation is not correct as it stands and also 
that any predictions about association from the variation of the dielec- 
tric constant with temperature will be very questionable. However, the 
latter equilibrium equation suggests an experimental test by the meas- 
urement of the variation of the dielectric constant with pressure as 
follows: 

Since c; =1—c, the equation for cz may be written 


Ce peBb/T 


(ietes8 LATS 


which shows that c2 is proportional to approximately for small pres- 
sures and that as the pressure is increased, cz becomes less than would 
correspond to true proportionality. This implies that the curve of («—1) 
plotted against p should be linear or slightly convex from above, and 
suggests a simple test of the theory, independent of the indeterminate 
exponent C of T. From the latter equation it should be expected that 
the association concentration is markedly greater at low temperatures. 
For this reason a series of measurements were made of the dielectric 
constant of water vapor varying both the pressure and the temperature. 
The apparatus outside the experimental condenser was at room tem- 
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perature so that the maximum pressure that could be used was about 
20 mm, the saturation pressure at room temperature. The dielectric 
constant for these small pressures could be measured fairly accurately 
because of the large value of the electric moment of water. However, 
the results are chiefly of qualitative interest and no claim is made to the 
degree of accuracy obtained in the measurements of the halogen 
hydrides mentioned above. The method used has been described fully 
in the above mentioned article on the electric moment of the halogen 


*% 


hydrides. It is a heterodyne beat method using two radio-frequency 


electron tube generators. 


MEASUREMENTS OF WATER VAPOR 


Variation of dielectric constant with pressure. The first measurements 
were made by allowing almost the full saturation pressure of water 
vapor to be established in the experimental condenser. Then measure- 
ments were made at various pressures pumping out a small amount of 
water vapor between readings until finally a reading was made for 
vacuum. The process was repeated in the reverse direction in order to 
be sure that the effects obtained are reversible and reproducible. In 
all cases the readings could be reproduced faithfully. Such measure- 
ments were made with the experimental condenser at various tempera- 
tures, ranging from room temperature up to 165°C. For room tempe:a- 
ture, 23.3°C, the data are plotted separately for the sake of clearness; 
the data for all the temperatures are plotted in Fig. 2. The most strik- 
ing of all the curves shown is that corresponding to room temperature, 


23.3°C, in Fig. 1. A close examination shows that it consists of two 


nearly linear portions separated by a short transition interval and is 
similar in appearance to an ionization potential curve. (It immediately 
suggests itself that the anomalous effect here represented might be 
the electrical analogy to the effect found by Glaser of pressure variation 
on the magnetic susceptibility. However, such an effect depends upon 
the mean free time between collisions, and it would not shift so rapidly 
with the temperature as is indicated in Fig. 1). 

Variation of dielectric constant with temperature. If experimental 
points on the low pressure rectilinear portions of the various curves are 
used, it is found that within the limits of experimental error the values 
of (e—1)7?/273 plotted against T give a Debye straight line which 
leads to a value of the electric moment of water vapor consistent with 
that found by Jona for steam consisting of single molecules. These 
values are plotted in Fig. 3. The dotted points correspond to values at 
17.3 mm Hg, and the crossed points to values at the low pressures. The 
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two lower points on the Debye line are somewhat high, but this devia- 
tion might well be due to experimental error since, for the low pressures 


18 
mm Hg 


Fig. 1. Variation of (eé—1) with pressure at 23.3°C. 


to which these points correspond, the measured capacity change is very 
small. 

It is therefore concluded that what ever the anomalous increase in € 
is due to, it is practically absent on the lower portion of the pressure 
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Fig. 2. Variation of (e—1) with pressure and temperature. 


curves. The theory of association outlined above requires that the curve 
in (e—1) and p be rectilinear or slightly convex from above, whereas 
the experiment curve is decidedly concave. Hence Jona’s explanation 
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by association into double molecules seems inadequate to explain these 
observations. One might explain the observed slope of the curve of 
Fig. 1 on the assumption of association into triple molecules in which 
case the equilibrium equation is 


63 ; peB/T 

ORL Ghote yas wie 
This would give a curve in (e—1) and ~ concave from above, and the 
approximation to a straight line might be explained as due toa compen- 
sation of the increase in (e—1) due to the term ? and the effect produced 
by the increasing importance of the expression (1 —c3) as cz becomes 


large. Now vapor density measurements on water vapor preclude the 
possibility of association to any degree greater than a few percent at 
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Fig. 3. Variation of (e—1)T?/273 with temperature. 


most, whereas if one assumes any reasonable value for the moment of 
the double or triple molecule (Jona assumed that the moment doubled 
on association) it requires large percentages of association to account 
for the observed dielectric constants. For example, if one supposes the 
associated molecule to have four times the moment of the single mole- 
cule, it requires about 10 percent association. This fact makes the inter- 
pretation on the basis of association seem very doubtful. 


SURFACE LAYERS AND THE DIELECTRIC CONSTANT 


An alternative to the assumption of association is to suppose the 
effect to be due to adsorption of a layer of water on the surface of the 
condenser plates. It is a well known fact that the surface tension of 
films of water decreases when the film thickness becomes less than a cer- 


. 
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tain minimum. This is explained by supposing that this minimum thick- 
ness is equal to the radius of the sphere of molecular atrraction. When 
the thickness of the film becomes less than this radius the surface 
tension is less than the normal value because there are fewer molecules 
in the sphere of attraction. Accompanying this lower surface tension 
there is, therefore, a greater vapor pressure. If, however, the film is 
adsorbed on the surface of a substance such as a metal, which it wets 
(i.e. a substance having great attraction for the molecules) the reverse 
state of affairs should be expected. The sphere of molecular attraction 
for a molecule in the free surface of the film contains some of the metal 
molecules and consequently the attraction is greater than if it contained 
all water molecules. The surface tension should be abnormally high and 
the vapor pressure should be low since the increased attraction reduces 
the number of molecules escaping per second. 

Condensation of this sort might be regarded as a limiting case of 
capillary adsorption where the curvature of the adsorbing surface 
vanishes. Capillary adsorption below the saturation pressure must be 
due to the fact that for great curvature of a surface the attraction for 
a molecule must be increased. There is fundamentally no difference 
in the two kinds of adsorption. The chief difference is that for a curved 
surface the adsorption forces are greater. 

An upper limit to the thickness of such layers is the radius of the 
sphere of molecular attraction of the metal molecules for a water mole- 
cule, and should be of the order of magnitude found by Ricker for 
soapy water. Furthermore, the thickness of the film at saturation 
pressure should be equal to this limiting value. This thickness can be 
calculated approximately from the data of Fig. 1. Let ¢ be the distance 
between the condenser plates and d the thickness of the adsorbed 
water layer (both plates). The experimental value of ¢ was .05 cm. 
Hence d will be small compared with ¢. The apparent change in the 
condenser plate separation on the insertion of a slab of thickness d and 
dielectric constant K is d(1—1/K) if the original dielectric constant is 
only negligibly different from unity. If K is large the apparent change 
is approximately equal to the actual thickness of the slab. Hence d/t 
is the apparent fractional change in plate separation. This must equal 
the apparent fractional change in e over what it would be if the lower 
part of the curve of Fig. 1 were extended to the saturation pressure. 


4 Possibly the dielectric constant of such a layer of water is different from the ordi- 
nary dielectric constant, but one would expect only a small difference. At any rate the 
importance of K is small. For K =80 as for ordinary water an error of only a little more 
than one percent is made in neglecting 1/K. 
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In this manner d is found to be 1.65 X10-' cm. Since this includes the 
films on both plates the actual film thickness is 8.25X10~ cm. This 
agrees very well with the minimum thickness of soap films of from 4.5 
to 9.5X10-® cm found by Riicker and Reinhold.’ 

The fact that the apparent radius of the sphere of molecular attrac- 
tion is about 100 to 200 molecules long is not necessarily in contradic- 
tion with the fact that the force due to an individual molecule is not 
appreciable at distances farther than a few molecular diameters at 
most. In a substance like water, whose dielectric constant is very large, 
the field of force due to a single molecule should induce orientations in 
the surrounding molecules and this orientation in turn would set up 
an additional field for molecules farther out and so on. In this manner 
the force on a single molecule might depend upon induction effects which 
it produces many molecules away from itself. The distance at which 
this induction effect is inappreciable is to be regarded as the apparent 
radius of molecular attraction. 

Consider now the phenomena which might take place as the pressure 
of the water vapor is increased from vacuum. Two types of adsorption 
might take place: first, the type where the molecules are held rigidly 
(similar to solid molecules); and second, the type where the molecules 
are free to move about and be oriented easily by an electric field (liquid 
molecules). So far as can be told from these measurements there may 
be no adsorption of the first type at all, and if there is any it seems prob- 
able from experiments® on monomolecular oriented films that there is 
only one such layer. As regards the subsequent formation of liquid 
layers over this solid layer the solid layer would behave essentially as 
the metal, so that it will not be considered in what follows. Edser’ has 
shown that about 94 percent of the surface energy of a liquid resides in 
the first layer. Consequently after the formation of the first liquid layer 
on a metal surface the surface energy should be of the same order of 
magnitude as the normal liquid surface energy. Likewise the vapor 
pressure above this layer should be of the ordinary order of magnitude 
but somewhat less because of the increased attraction by the metal 
molecules. After this the change in pressure with thickness depends on 
the fact that as the film gets thicker the distance of the surface water 
molecules from the more strongly attracting metal molecules becomes 
greater. Conversely, as the vapor pressure increases from vacuum, a 
single liquid layer will be established only after the pressure has reached 


* Ricker and Reinhold, Phil. Trans. 177, 2, 627 (1886). 
® See Taylor’s Physical Chemistry, vol. I, p. 136. 
’ E. Edser, 4th British Assoc. Report on Colloid Chemistry, p. 94. 
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a definite value somewhat less than the ordinary vapor pressure of 
water, but of the same order of magnitude. As the pressure is increased 
still further, the layers will form rapidly. As regards the electrical effect 
produced in the present measurements, the water would virtually 
start to condense at this definite pressure since the first layer would 
have a negligible effect on the apparent deliectric constant. Thus an 
explanation is given for the apparent critical pressure observed in Fig. 1. 
The general behavior of the curve is, then, qualitatively according to 
what would be expected. 


SURFACE CONDENSATION AND KINETIC THEORY 


So far the question of surface condensation has been regarded from 
the point of view of the properties of liquids. It was seen that the 
existence of a condensed surface layer in the liquid state is palusible 
from the properties of liquids. Such a condensed layer can also be 
predicted from the kinetic theory of gases in an interesting manner. 

From Jona’s work and the present data, water is known to have a 
large electric moment, 1.8 X107!% e.s.u. As such a molecule approaches 
a metal surface it will be attracted by electric induction which can be 
represented by the mirror image of the doublet in the surface of the 
metal. Asaresult of this attraction there will be an increased con- 
centration of the molecules near the metal surface. The potential 
energy of a doublet inclined at an angle @ to the normal and at a distance 
x from the surface is by simple electrostatics 


W = — 2 cos? 6/8x3 
Applying Boltzmann’s theorem for the distribution of molecules :— 


dn = Aev'cos#/8°KT sin 040 


= Aercos® sin 6d where a=p2/8x°kT 


The total number of molecules per cc at a distance x 


Zz 1 
vind fi e2cos? sin 9dd= — 24 f ewdy 


0 0 
Por += ~ ,,a=0 and 
No=—2A 
1 
is Nea Ne f erv2dy 
fl 
§ Richardson, Schottky, Langmuir, and Dushman have used this idea in relation 
to the work function for an electron leaving a metal surface. 
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1 
an be) bom Ne/Neo= f evdy 


0 


where is the pressure. This probability integral can be evaluated in 
series . 
a‘ a 
No/No= | 1+- f= 4 “ot g iF 

The concentration NV, thus increases as the surface is approached. 
As the doublet approaches the metal surface to within distances of 
molecular magnitude, the above integral will not hold but will have to 
be replaced by some unknown function which includes the repulsive 
effects of the electronic orbits at collision. Then, assuming that a 
negligible amount of molecules penetrate into the metal lattices, 
N.,/N,., follows the above integral until the repulsive effects are appre- 
ciable after which it goes through a maximum and falls to zero at the 
point of nearest approach of the water molecules. 

While the statistical equation cannot be applied for points very near 
the metal surface, it ought, nevertheless, to be possible to determine 
the order of the magnitude of the concentration produced by the adsorp- 
tion forces. A limit will be set on x by the distance of nearest approach 
of the water molecule. If the metal molecule were fixed in space 
during a collision of the water molecule, this lower limit would be 
approximately equal to the molecular radius, but since the metal mole- 
cule must be moved in the direction of impact, this limiting value of x 
may be somewhat less than the molecular radius. Although the 
repulsive forces at collision change the shape of the actual curve for 
N,/N,. the maximum value of N,/N., should be of the same order 
of magnitude as the value of V./N,, calculated from the probability 
integral for x equal to the distance of nearest approach.’ If it be 
supposed that condensation in more than a single layer cannot exist 
until the actual maximum value of N, exceeds the ordinary saturation 
concentration, the order of magnitude of the distance of nearest 
approach can be calculated from the above integral. Setting bz equal 
to the pressure plotted in Fig. 1, at the point where deviations become 
appreciable N./N,, = p2/)x = p:/p = 20.0/6.2 =3.2 approximately. The 
value of a corresponding to this value of V,/N., can be found by ap- 
proximation to be about 2.5. Then x can be found from: 


x8 = w?/8K Ta 


* Cf. Langmuir’s discussion of the work function for thermionic emission, Trans. 
Amer. Electrochem. Soc. 29, 161 (1916). 
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taking uw=1.8X10-!8, K =1.346 X10-", and 7 =300°K . In this manner 
x is found to be approximately 2.2 X 19-8 cm, which is a little greater 
than the molecular radius of water.!° Hence the result is in good accord 
with the above considerations. 

According to this view for any given value of pressure p,, the maxi- 
mum value of NV, should be limited by the distance of nearest approach, 
or by the size of the molecule. In the above rough consideration the 
doublet was considered as concentrated at the center of the mole- 
cule. Now if the doublet is concentrated on one side of a molecule; 
i.e., if the molecular field is strongest on one side, the maximum value 
of NV, should be greater than if the doublet were concentrated at the 
center of the molecule. For example, such might be expected to be the 
the case where there is an OH group in the molecule. In general the 
values of the critical pressure, shown in Fig. 1, for various substances 
might give qualitatively some knowledge of the distribution of the 
electric moment within molecules. 

In a similar manner condensation should take place on dielectric 
surfaces. (The induced image is —u(K —1)/(K-+1) in this case.) There 
is in fact experimental evidence for this. Professor Menzies!! gives a 
value of about a micron for the thickness of such layers on glass. In 
the case of glass, complications are introduced by solution in the alkali 
constituents of the glass. This process should be slow. Menzies’ 
results show a change in absorption with time, which is in accord with 
the supposition that there are both an “‘instantaneous’”’ effect like that 
for a metal surface and a volume absorption which takes a long time 
to reach equilibrium. 


CONCLUSIONS 


The results of the experiments here described are of interest from 
the points of view of both the dielectric constant and adsorption. The 
apparent anomaly in the behavior of the dielectric constant of water 
vapor is probably not due to association as supposed by Jona, but to 
surface condensation produced by molecular attraction. Probably all 
of the anomalous values of dielectric constant measured by Jona 
are due to this surface condensation. If the deductions of the foregoing 
discussion on surface layers are correct, these anomalies could be 
avoided by measuring dielectric constants only at pressures below the 
critical condensation pressure, which could be found experimentally. 
(This will probably depend considerably on the particular metal used 


10 Kaye and Laby, Physical and Chemical Constants, p. 35. 
MA, W. C. Menzies, Jour. Amer. Chem. Soc. 42, 10, 1952 (1920). 
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for the condenser plates.) The difference between the author’s measure- 
ments on SOs, etc., and those of Jona may be due to different surface 
conditions of the condenser plates. 

The properties of the adsorbed liquid layer of water postulated above 
may be summarized as follows. As the number of adsorbed liquid mole- 
cules approaches the number corresponding to a mono-molecular layer, 
the vapor pressure rises rapidly until it reaches a value somewhat less 
than the ordinary vapor pressure of water. After this, as the number of 
molecules increases, or as the thickness of the film increases (since now 
there are many layers), the rate of change of pressure with thickness 
drops rapidly to a final constant value (Fig. 1). 

If x be the number of adsorbed molecules and p the vapor pressure, 
then as p increases to the ordinary saturation pressure m will first 
increase to the negligibly small number in a monomolecular layer while 
p increases to a virtual critical value less than the ordinary vapor 
pressure. Then as p increases further m increases rapidly reaching a 
uniform rate of increase just above the critical pressure. Correspond- 
ingly dn/dp is practically zero until the critical pressure is reached, 
after which it rises rapidly to a constant value which it retains up to the 
final saturation point. The final thickness of the layer is of the order of 
several microns, which corresponds to about two hundred molecular 
layers. 

In conclusion the author wishes to express his indebtedness to Prof. 
kK. T. Compton for his valuable advice and criticism in this investiga- 
tion. 


NATIONAL RESEARCH FELLOWSHIP, 
PRINCETON UNIVERSITY, 
December 11, 1925. 
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ON THE QUANTITATIVE THEORY OF AN 
Popo ah OolA LIC VOLTAGE MULTIPLIER 


By A. W. Srwon! 


ABSTRACT 


The detailed quantitative theory of a symmetrical, four carrier, electrostatic 
voltage multiplier is developed. It is shown that a machine of this type steps 
up a given applied d.c. potential in a definite ratio, and a formula for this 
(transformation) ratio is deduced in terms of the coefficients of capacity and 
the coefficients of induction of the elements of the machine in a definite con- 
figuration. A formula which gives the potential of the receivers every geometri- 
cal cycle (quarter turn) is deduced. While the current furnished by a device of 
this sort is extremely small, it may be used separately to excite an ordinary 
static machine, so that this machine will give a constant current at a constant 
high potential. 


T HAS been pointed out in a previous paper? that the method of 

attack used in developing the quantitative theory of the static 
machine can be applied also to an electrostatic voltage multiplier.’ 
The present work is concerned with the detailed analysis of a simple 
machine of this type. 

The machine studied is represented diagramatically in Fig. 1. It 
consists of two inductors 7, 8, on which are impressed the constant 
voltages +E and —E respectively; two receivers 5, 6; and four revolv- 
ing carriers 1, 2, 3, 4. The neutralizing rod 9 and the midpoint of the 
battery are connected together and grounded. 

The action of the machine is seen readily from the figure. When 
the carriers are in the positions 1, 2, a charge of sign opposite to that 
of the inductor near which it happens to be is induced on each carrier, 
these charges are then carried forward and shared with the receivers, 
and so forth. 

In practice such a device will charge the receivers to a difference of 
potential which is much greater than that applied to the inductors, and 
so is a sort of direct current transformer, although actually the in- 
creased potential comes from the work done in separating charges of 
opposite signs, i.e. is the result of a generating action rather than of a 
transformer action. 


1 National Research Fellow. 
2 A. W. Simon, Phys. Rev. 26, 111 (1925). 
2A. W. Simon, J. Opt. Soc. Am. 10, 669 (1925). 
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Our problem is to follow the action of this machine quantitatively. 
If we use the same notation as that employed in previous papers,’ with 
the one modification that instead of denoting the geometrical cycle by 
a subscript we write it as the argument of the functions Q and V, we 
have as the fundamental equations for the charges for two successive 


geometrical cycles: 
Os(n+1)+Q3(4+ 1) =Qs(#) +Q1(m) | (1) 
Qe(w+1)+Qa(v+1) =Qc(m) +Q2(n) . (2) 


wea 


Fig. 1. A four-carrier, direct electrostatic voltage multiplier of the 
symmetrical type. 


If now we substitute for each of the Q’s its value in terms of the corre- 
sponding potentials and electric coefficients, and note that we have 
two-fold electrical symmetry, we obtain: 


aV3(n+1)+bVs(n+1)+cE=a'V3(n)+b'Va(n)t+c'E ~  — (3) 
bV3(n+1)+aV5(n+1)—cE=b'V3(n)+a'V.(n)—c'E (4) 


‘For details both as to notation and general method employed in this paper, the 
reader must be referred to the author’s previous work on the theory of the static machine, 
in particular to Phys. Rev. 24, 690 (1924); 25, 368 (1925); 26, 111 (1925). 
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where a, b,c, a’, b’, c’, are given by: 
a = 035,35 = 164,64 a= 235,51 — 64,62 


— iebed / 
b= 264,35 = @35,64 = 264,51 = 735,62 


aa wits pane NY ei 
C= 07,35 — 28,35 = O7,64—Ages=VU 6 = A751 — A351 = 07,62 — 5.60 « 


The solution of Eqs. (3) and (4) is: 


V3(1) =Ciyri" + Core" +C3 (S) 
Vala) =Ci'ri®+Co'ro"+Cs’ , (6) 
where the C’s and 7’s are given by the following: 

C1= Cr =3(Vs(0) + V4(0)) (7) 

Co= —C2!=3(Va(0)— Vi) —pE (8) 

Cs= —C3'= —pE=— (an—aa1) E/(ax,3—435,4) . (9) 

11= (d35,51-+ 435,62) / (a35,35-+ 235,64) (10) 

r= (36,51 — 035,62) / (35,35 — 235,64) : (11) 


With regard to the magnitudes of 7; and fs, it is possible to prove the 
following relation from the general properties of electric coefficients: 


0<1<7re<1 


Let us now turn to the physical interpretation of these results. Tak- 
ing account of (5), (6), (9), and (12), we note that both V3;() and 
V,(n) approach constant values as m approaches infinity. In particular, 


we have: 
Lim V3(n)=V3(e)=—pE ves 
Lim Viln)=Vilo)= +p . 


The quantity p represents the transformation ratio of the machine, 
and it is of interest to investigate on what this ratio depends and how 
it may be varied. For this purpose Eq. (9) is rewritten as follows: 


aa (a71— @81)/ (a33-+ 53 — 443 — O63) . (14) 


In order to make p large, we must surround the carrier as completely 
as possible in position 1 thus making a7 large and ds: very small; 
we must also surround the carrier as completely as possible in position 
3, thus making a;3 almost equal in absolute value to a3, and both das 
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and d¢3 small.> In the limit, if the carrier in position 3 were completely 
surrounded, i.e. if d33 = —ds3, and a43 =ds3 = 0, the transformation ratio 
would become infinite. It is interesting to note that this would occur 
even though the carrier were not surrounded in position 1. In this 
respect our machine is an exceptional case, for ordinarily to produce an 
infinite ratio, the carriers must be surrounded completely in both posi- 
tions. The explanation in our case is that since the potential of the 
receivers eventually become equal and opposite Eq. (13) their effect 
on the carrier when the latter receives its charge (position 1) is exactly 
zero, so that no matter how highly the receivers become charged, they 
do not counteract the effect of the inductors. 

Another important point to note is that the capacity coefficient ds5 
does not appear in the expression for p Eq. (14). This means that the 
transformation ratio does not depend on the capacity of the receivers 
or any capacities connected to the receivers. In other words, the trans- 
formation ratio is independent of the load. 

Let us next inquire how the machine builds up. For this purpose 
Eqs. (5), (6), (7), (8), are of value. We can assume of course that the — 
receivers are originally charged to any potentials whatever. However, 
two cases are of special interest. (1) The receivers 5, 6, are originally 
charged to potentials —pH and + pE respectively. For this case we 
obtain C,;=C;'’=C,=C,’ =0, i.e. no change takes place, as we should 
expect. (2) The receivers originally have equal but opposite potentials. 
For this case we obtain C;=C,’=0, i.e. only the 72. terms are effective 
in building up. The 7; terms therefore represent the tendency for the 
two receivers to attain equal and opposite potentials, and this occurs 
even before these potentials have reached their final values, for from 
inequality (12) it is seen that the 7; terms represent transients of shorter 
duration than the 7, terms. 

We have so far spoken of the machine as building up. In particular, 
however, if the original potentials are higher than the equilibrium 
(final) potentials, it is also evident from the equations that the machine 
will build “down,” again with an 7; transient, if the original potentials 
are not equal and opposite, or none if they are, etc. 

In conclusion a word must be said with regard to the currents 
furnished by devices of this sort. Strictly speaking, a device of the type 
just discussed can be used only for charging a condenser, not for fur- 
nishing steady currents through a resistance. But even for capacity 

* It is of course always assumed that the geometrical symmetry of the machine is 


preserved, i.e., that the carrier in position 2 is treated exactly the same as that in posi- 
tion 1, the carrier in position 4 exactly the same as that in position 3, and so on. 
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loads, due to the fact that the capacities involved in the machine 
itself are small, the currents attained are usually of the order of micro- 
amperes, so that a device of this sort is inferior even to the ordinary 
static machine. However, a modified device can easily be constructed, 
which will not be inferior to the static machine in this respect, and, 
furthermore, furnish a constant and a controllable potential across a 
(high) resistance. For this purpose we have merely to impress the con- 
stant high potential furnished by an electrostatic voltage multiplier on 
the inductors of a static machine of the Holtz type (the inductor brushes 
being removed) and connect the resistance across the terminals. By 
this means not only more or less continuous currents can be produced, 
depending on the size of the sectors of the static machine and the re- 
sistance of the load, but also these currents are comparable in magnitude 
with those furnished by the ordinary static machine. Used in this way, 
the static machine becomes essentially a separated excited electrostatic 
generator, and as such has the advantages that it is a constant potential 
machine and that its output voltage can be controlled. So far no ex- 
periments along this line have been made, but they would be of interest. 


NorMAN BRIDGE LABORATORY, 
CALIFORNIA INSTITUTE OF TECHNOLOGY, 
PASADENA, CALIFORNIA. 
December 1, 1925. 
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ANOMALOUS ACTION OF THE RAYLEIGH DISK 


° 


By CHARLES H. SKINNER 


ABSTRACT 


Torque on Rayleigh disk in a resonating tube, for high pitch sounds.—In 
the case of a disk 15 cm in diam. in a tube 16 cm in diam., a study of the 
deflection as a function of wave-length, 4 to 28 cm, showed that for a wave- 
length of 28 cm the disk tended to set itself parallel to the axis of the resonator, 
and hence was deflected in a direction opposite to the usual one. Other negative 
maxima were observed for waves of about 14 and 7 cm. Experiments with 
smaller disks showed that beyond a certain tube length the maximum critical 
wave-length for a negative maximum is independent of tube length and depends 
more on tube diameter than on disk diameter, approaching twice the tube 
diameter as the size of the disk is increased nearly to that of the tube. 


URING an investigation with a Rayleigh disk! of the energy out- 

put of a variable whistle blown with constant air pressure, it 
was observed that as the pitch of the whistle passed through a certain 
critical value, the deflection of the disk reversed in direction. This is 
not in accordance with the usual action. 


(a) 


Fig. 1. 


In order to investigate the conditions attending this anomalous 
action, a modification of Rayleigh’s original arrangement was adopted 
as shown in Fig. 1 (a). A circular disk D cut from thin sheet mica was 
suspended at the middle of a horizontal cylindrical tube TT’ by means 
of a quartz fiber F. A light capillary glass tube carrying a mirror L was 
attached to the lower part of the disk and extended downwards in line 
with the suspension, so that deflections could be observed by means of 
a telescope and scale. The initial angle 6 between the normal to the 


1 Rayleigh, Phil. Mag. 14, 186 (1882). 
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disk and the axis of the tube was 45°. The tube was open at each end 
except for a layer of cheese-cloth which served to protect the disk from 
troublesome air currents. Ata point on the extension of the axis of the 
tube was placed the source of sound. 

When the whistle was in operation, the disk was deflected until the 
restoring couple set up by the twisted fiber balanced the turning 
moment of the sound waves. The relation between the wave-length 
and deflection is shown in Fig. 2, which is a typical curve for wave- 
lengths ranging from two-thirds to three times the diameter of the disk. 
The deflection of the disk is considered positive if the angle between 
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Fig. 2, Variation of angular deflection of the Rayleigh disk with 
wave-length of the sound. 


the normal to the disk and the axis of the tube decreases. If the angle 
increases, the deflection is considered negative. In obtaining this 
curve, the length of the tube was kept constant. Thus the tube would 
be in resonance for certain wave-lengths only. This explains the posi- 
tive maxima at A and B, which are seen to be approximately an octave 
apart. The negative maximum at JM corresponds to a wave-length not 
quite twice the diameter of the disk. The other negative maxima 
at NV and P are not well defined, but they appear to correspond to 
wave-lengths which are slightly less than the diameter and half the 
diameter, respectively. It thus appears that the anomalous deflections 
are due to resonance between the incoming waves and the space en- 
closed between the disk and the walls of the tube. 
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In addition to the maximum positive and negative deflections noted 
above, there are a number of maxima and minima following each other 
closely, especially in the region of shorter wave-lengths, as at a, band c. 
These are probably due to changes in the sound pattern, or standing 
waves, in the room, as the frequency changes, causing a succession of 
nodes and loops to pass across the disk. 

The wave-length L,, corresponding to the negative maximum at M 
varies with the relative dimensions of the disk and tube in which the 


(a) 


DISK DIAM- 2.5 cM. 
TUBE DIAM- 4.1 cM. 


TUBE LENGTH (nm) 
0 10 a0) ae 30 


TUBE LENGTH-!50 cm. 
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(b) 


TUBE *LENGTH-30 cm. 
rUBE DIAM -4.1 CM, 
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Fig. 3. Variation of the wave-length of sound producing a maximum negative 
deflection of the Rayleigh disk with (a) tube-length, (b) tube-diameter, and (c) disk- 
diameter. 


oI 


the disk is mounted, as shown in Fig. 3. Curve (a) shows how L~» varies 
with the length of the tube; (b), how L,, varies with the diameter of the 
tube; while (c) shows how L,, varies with the diameter of the disk. It 
is seen from curve (a) that L,, is independent of the length of the tube 
after the latter is four or five times the diameter of the disk; and from 
curves (b) and (c), that LZ, is approximately twice the diameter of 
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the disk when the latter is slightly less than the diameter of the tube. 
Further experiments have shown that L,, is independent of the position 
of the disk in the tube, as long as it is not near an end; also that it does 
not depend on whether the tube is open at each end or closed, nor on 
the intensity of the sound. 

Similar results have been obtained with rectangular disks mounted 
inside of tubes of rectangular cross-section. However, if the disk is 
mounted in the open air or within tubes whose walls are removed a 
short distance from the disk, no negative deflections are obtained. 

In general, then, when a disk enclosed within a tube is acted on by 
sound waves, there are two opposing forces tending to produce rotation. 
The one is somewhat analogous to that which acts on any flat object 
in a current of air tending to set the object at right angles to the current; 
while the other is brought into play as a result of resonance in the space 
between the disk and the walls of the tube. The first force tends to 
set the disk at right angles to the axis of the tube; the second, parallel 
to the tube. 

K6énig? developed from hydrodynamical principles the following 
expression for the moment M due to the action of the first force on a 
circular disk when placed in the path of a train of sound waves but not 
enclosed on any side: 


4 
M meee, sin 26 


in which d is the density of the air, a the radius of the disk, W the aver- 
age velocity of the vibrating air particles due to the sound waves, and 
6 the angle between the normal to the disk and the direction of vibra- 
tion. This expression is usually considered as applying also to a disk 
mounted within a resonator. If the disk is deflected until the restoring 
couple produced by the twisted suspension just balances the torque 
set up by the vibrating air, then it follows from the above equation 
that intensities are proportional to deflections if the latter are small.’ 
It is evident, however, that for waves of the order of the diameter of 
the disk and less in length, the motion of the vibrating air at one part 
of the disk may be opposite in direction from the motion at another 
part, so that the resulting torque tending to produce rotation in the 
positive direction may be less than would be produced by long waves 
of the same intensity. That is, the deflections are not proportional to 
intensities for wave-lengths of the order of the diameter of the disk and 


2W. Konig, Wied. Ann. 43, 43 (1891). 
7F. R. Watson, Phys. Rev. 7, 125 (1916). 


350 CHARLES H. SKINNER 


less, even when the disk is not confined within a tube. Kénig’s ex- 
pression, therefore, should include a term involving wave-length. 

In regard to the second force mentioned above, consider the space 
included between the disk and the walls of the tube. This space forms 
a resonator somewhat analogous to a conical horn. At resonance, the ~ 
energy density at C and C’, Fig. 1 (0), is greater than at D and D’. 
Thus the torque tending to produce rotation in the negative direction 
will be a maximum for the wave-lengths for which the enclosed space 
responds with maximum resonance with the incoming sound waves. 
If this torque is greater than that due to the first force mentioned, rota- 
tion in the negative direction will result. 

From the preceding, it is clear that the Rayleigh disk inside a sist 
cannot be used for comparing the intensities of sounds whose wave- 
lengths are comparable to the diameter of the disk. The effect tending 
to produce a negative deflection is very small for long wave-lengths 
because of the lack of resonance in the space between the disk and the 
walls of the tube, and Koénig’s theory may be considered as giving a 
close approximation for the resultant couple acting on the disk. The 
instrument, however, must be used with caution, for if there is an 
overtone present whose wave-length is such as to produce a negative 
torque on the disk, the resulting deflection will not be proportional 
to the incident sound energy. 

The writer wishes to express his appreciation to Professor Foley and 
other members of the Physics Department of Indiana University for 
equipment and friendly cooperation during the above investigation. 


Our1o WESLEYAN UNIVERSITY, 
December, 1925. 
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Radioactivity. By A. F. Kovarrk and L. W. McKEEuAn, Bulletin of the National 
Research Council, Vol. 10, No. 51.—This book is part of a report of the National 
Research Council Committee on X-rays and Radioactivity. The authors have not 
endeavored to present a textbook on the subject of radioactivity, but to bring to notice, 
and to comment upon, research work which has been published since the year 1916. 
This date was chosen for the reason that in that year there appeared the well-known 
book of Meyer and von Schweidler, ‘‘Die Radioaktivitit,’’ and this contains an almost 
complete list of references to papers which were published before 1916. In this report 
the authors have tried to include a mention of every paper on a radioactive subject 
which has appeared between 1916 and the end of June, 1924. Some publications of 
later date have also been referred to, where these were of special interest. Papers of 
doubtful value or importance have not been excluded. The result of this procedure is a 
completeness in the references to original papers which could hardly be surpassed. The 
literature has indeed been searched with remarkable thoroughness, and this complete- 
ness is the most striking feature of the book. The author’s thoroughness in this respect 
has, however, brought with it the disadvantage that to one not conversant with the 
subject the present position is sometimes rather vaguely sketched in, for the number of 
papers referred to is so great that a detailed critical survey was not always possible. 
The report consists of 203 pages, 30 pages of which are taken up by the index, which 
refers to some 1500 papers mentioned in the text. It is clear that comment on the 
papers has been reduced to a minimum, and in some cases it is perhaps too brief to 
bring out the relative value and importance of the papers. 

In the introduction the authors propose a new and a more rational system of nomen- 
clature for the radioactive bodies. On this system a radio-element is defined by its 
atomic number and the chemical symbol of the principal member of its series. Isotopes 
of the same series are distinguished by a Roman numeral indicating the order in the 
series. To show the general scheme we may quote the table given for the radium series. 


Tonium Io 90Ra 
Radium Ra 88Ra 
Radon (Radium emanation) Rn 86Ra 
Radium A RaA 84Ral 
Radium B RaB 82Ral 
Radium C RaC 83Ral 
Radium C’ Rac’ 84Rall 
Radium C’’ Rac” 81Ra 
Radium D RaD 82Rall 
Radium E RaE 83Rall 
Radium F (Polonium) RaF 84Ralll 
Radium G RaG 82Ralll 


The proposed system has many advantages over the present nomenclature, which is in 
some cases rather confusing, but it may be doubted whether the gain in simplicity 
would be sufficient compensation for the loss of the historical interest and association 
of the names now in use. 

The first chapter deals with the radioactive transformations. Since 1916 two new 
elements have been discovered and the decay constants of others have been redetermined. 
Then follow three chapters dealing with the a, 8, and yrays. These chapters are naturally 
the most important in the report, and the literature is discussed in some detail. They 
are followed by short chapters entitled Nuclear Structure and Radioactive Processes, 
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Radioactivity in Geology and Cosmology, and The Effects of Radioactive Radiations 
upon Matter. Some of the points considered in these later chapters are dealt with very 
summarily, and little comment is made upon the papers quoted. 

At the end of every chapter there are given tables summarising as far as possible 
the information dealt with in the text. The tables in the chapters on the radiations are 
extremely useful, for they contain a large amount of detailed information. In Table 
IIIA, p. 68, and ITIID, p. 70, it is stated on the authority of Bates and Rogers that 
RaC emits a-particles of 3.8 cm range. These a-particles have not been observed. 
Their existence is deduced from a knowledge of the transformation series, and their 
range is calculated from the Geiger-Nuttall relation. The tables of the B-ray and y-ray © 
spectra suffer from the fact that in some cases the same line, measured by different 
observers naturally with small discrepancies, receives different designations. It is thus 
somewhat difficult to form an idea of the actual number of different lines which have 
been found in the B- and y-ray spectra of the radio-elements. 

These, however, are comparatively small faults in a book which covers such an 
enormous range in so small a compass. The great virtue of the book is its remarkable 
thoroughness in the scrutiny of the literature, a thoroughness which can hardly be 
over-emphasized. This alone will make the report of great value and use to workers in 
radioactivity, and even those most conversant with the subject will find here references 
to papers which had hitherto escaped notice. The thanks of all workers in this field 
are due to the authors for carrying out a heavy and difficult task in so thorough a way.— 
Pp. 203, National Research Council, Washington, D. Ce 19253 

J. Cuapwick. 


Dynamical Theory of Sound: Second Edition. Horacr Lamp.—The publication of 
the first edition of this book in 1910 met a real need for a condensed and concise presenta- 
tion of sound from the dynamical point of view. As such, it has been recognized as a 
standard text on the subject, along with the more comprehensive treatises of Rayleigh 
and Helmholtz. A review of the new edition may therefore be confined to such changes 
and additions as are noted. 

This is not a heavy task. The changes are limited to corrections of slight textual 
errors. The additions comprise about five pages in all, mostly descriptive in character 
devoted to the following topics: Approximate Determination of Free Period, Aeolian 
Tones, Acoustic Properties of Buildings, Doppler’s Principle, Multiple Resonance, and 
the Hot Wire Resonator. 

One notes the dearth of new material with a feeling of distinct disappointment. 
The fifteen years between the publication of the first and second editions have marked 
greater advancement in the field of applied acoustics than the entire half century 


adequate dynamical theory. One feels that the concept of acoustic impedance, intro- 
duced by A. G. Webster, and applied by him to the problem of horns and resonators, 
by Kennelly in telephonics and by Brillie to the propagation of waves in solid and 
liquid media could have been illuminatingly treated by Dr. Lamb in a chapter of the 
new edition. But perhaps the author’s basis of selection of subject matter was the dictum 
“What is not found in Rayleigh is not Sound.” Pp. viii+307. Longmans, Green and 
Co., New York City, 1925. Price $6.00. 


Pau. E. SABINE. 
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HIGH FREQUENCY RAYS OF COSMIC ORIGIN 
I> SOUNDING BALLOON OBSERVATIONS AT 
PX TREMESAETITUDES 


By R. A. MILLIKAN AND I. S. BOWEN 


ABSTRACT 


Discharge rate of an electroscope at altitudes from 5 to 15.5 km.—Four 
specially designed instruments, each comprising a recording electroscope, 
thermometer and barometer and each weighing but 190 gr were sent up with 
sounding balloons from Kelly Field, Texas.. Three were recovered and of 
these two had satisfactory records of their flight during which they reached 
altitudes of 11.2 and 15.5 km, respectively. A comparison of the recorded 
electroscope reading at the 5 km level during ascent with the reading at the 
same level during descent shows that the average discharge rate of the elec- 
troscopes while above the 5 km level was about three times their discharge 
rates at the surface of the earth, and corresponded to an average rate of produc- 
tion of ions of 46.2 ions per cc per sec. This is only 25 percent of the value to 
be expected from the observations of Hess and of Kolhérster and constitutes 
definite proof that there exists no penetrating radiation of cosmic origin having 
an absorption coefficient as large as 0.57 per meter of water. 


T was as early as 1903 that the Canadian physicists McLennan and 
Burton! and Rutherford and Cooke? noticed that the rate of leakage of 
an electric charge from an electroscope within an air-tight metal chamber 
could be reduced as much as 30 percent by enclosing the chamber within 
a completely encircling shield or box with walls several centimeters thick. 
This meant that the loss of charge of the enclosed electroscope was not 
due to causes inside the electroscope but must rather be due to some 
highly penetrating rays, like the gamma rays of radium, which could pass 
through metal walls as much as a centimeter thick and ionize the gas 
inside. 

In view of this property of passing through relatively thick metal walls 
in measurable quantity, the radiation thus investigated was called the 
“penetrating radiation” of the atmosphere, and was at first quite natur- 
ally attributed to radioactive materials in the earth or air, and this is in 
fact the origin of the greater part of it. But in 1910 and 1911 it was found 


1 McLennan and Burton, Phys. Rev. 16, p. 184 (1903). 
* Rutherford and Cooke, Phys. Rev. 16, 183 (1903). 
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that it did not decrease as rapidly with altitude as it should upon’ this 
hypothesis. The first significant report upon this point was made by the 
Swiss physicist, Gockel,’ who took an enclosed electroscope up in a 
balloon with him to a height of 4500 meters and reported that he found 
the ‘“‘penetrating radiation”? about as large at this altitude as -at the 
earth’s surface, and this despite the fact that according to Eve’s* calcula- 
tion it ought to have fallen to half its surface value in going up 250 feet. 
In 1911, 1912, 1913, and 1914 two other European physicists, Hess? an 
Austrian, and Kolhérster,® a German, repeated these balloon-measure- 
ments of Gockel’s, the latter going up to a height of 9 km, or 5.6 miles, 
and reported that they found this radiation decreasing a trifle for the 
first kilometer or so and then increasing until it reached a value at 9 km, 
according to Kolhorster’s measurements, seven times as great as at the 
surface. This seemed to indicate that the penetrating rays came from 
outside the earth, and were therefore of some sort of cosmic origin. If so 
it was computed’ that in order to fit the Hess and Kolhé6rster data, the 
’ rays had to have an absorption coefficient of .57 per meter of water and 
an ionizing power within a closed vessel sent to the top of our atmosphere 
of at least 500 ions per cc per sec., in place of the 10 or 12 ions found in 
ordinary electroscopes at the surface. 
The following table gives a summary of all the Hess-Kolhérster data 
which in 1914 stimulated the interest of one of us in the problem and 
furnished the basis for the computations with the aid of which our 
sounding-balloon apparatus was designed. The earliest of these designs 
was made in 1915-16, but was not completed because the war put a stop 


TABLE [| 
Hess 
Altitude in Ions per cc per sec. 
in excess of ground value 
Meters Instrument No.1 Instrument No. 2 
0 = 200 — 0.9 — 0.7 
200 — 500 — 0.8 — 11.4 
500 — 1000 — 0.7 — 1.5 
1000 — 2000 — 0.4 + 0.3 
2000 — 3000 + 1.0 + 1.5 
3000 — 4000 + 3.5 + 4.7 
4000 — 5200 +18.1 +15.4 


’ Gockel, Phys. Zeits. 11, 280 (1910). 
4 Eve, Phil. Mag. 21, 26 (1911). 
> Hess, Phys. Zeits. 12, 998 (1911), and 13, 1084 (1912). 


6 Kolhérster, Phys. Zeits. 14, 1153 (1913), and Verh. d. Deut. Phys. Ges. (July 30, 
1914). 


7H. von Schweidler, Elster u Geitel Festschrift, p. 411, 1915. 
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, Kolhorster 
Flight 1 Flight 2 Flight 3 Flight 4 
Alt. Ions Alt. Ions Alt. Ions Alt. Ions 
310 — 1.2 500 — 2.0 1090 — 1.2 1000 — 1.5 
760 — 1.3 600 — 1.4 2130 + 2.1 2000 + 1.2 
1650 + 0.8 1000 — 2.1 3550 + 7.0 3000 + 4.3 
2110 + 1.3 1400 — 1.7 4700 +14.5 4000 + 9.3 
2400 + 3.1 1500 — 0.8 5600 +27.5 5000 +17 .2 
2600 + 4.3 2400 + 3.1 6200 +29 .3 6000 +28.7 
3000 + 7.5 3300 + 4.5 7000 +44 .2 
3400 + 8.9 4000 + 6.7 8000 +61 .3 
3500 +11.1 9000 +80 .4 


to further activity in this direction. Upon the cessation of the war about 
two years were spent in trying to have built the right kind of sounding- 
balloons. In the winter of 1921-22 with the aid of Mr. Julius Pearson 
we designed and had constructed in the Norman Bridge Laboratory of 
Physics four little recording electroscopes. These we took to Kelly Field 
near San Antonio, Texas, in the spring of 1922, for the purpose of attempt- 
ting to get them as near as possible to the top of the atmosphere in order 
to obtain a crucial test as to whether there is such a cosmic radiation as 
the Hess-Kolhoérster data seemed to require. 

These electroscopes were made of steel 0.3 mm thick, and 
were designed to support an internal pressure of 10 
atmospheres, our intention being to increase, if necessary, 


the rate of leak by using air at high pressure. Actually, 
however, the two successful flights were made at at- 
mospheric pressure, since Kolhérster’s data indicated that 
there existed a penetrating radiation of such intensity as 


completely to discharge the electroscope during the flight if 


= 


the ten atmospheres pressure were used. In addition all the 
electroscopes carried photographic films and the necessary 


driving mechanism for obtaining a continuous record during 
the ascent and descent (1) of the divergence of the electro- 
scope fibres, (2) of the temperature and (3) of the barometric 
pressure. The total weight of each with all its contents was 
but 190 grams, or about 7 ounces. 

Plate 1a shows a photograph of one of these instruments 
ready for flight, and placed beside it a six-inch (15 cm) rule. 
Plate 1b shows the inner mechanism. The electroscope con- 
sists of two sputtered quartz fibres such as are used in a 
Wulf electroscope, the deflection of which was produced by 
charging with a 300 volt battery through the movable 
charging-rod C. To make them as free from temperature effects as 
possible, all the supports were of quartz and of the shape shown in Fig. 1. 


Fig. 1. 
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The lower spring was a single quartz fibre, having suitable elastic proper- 
ties, rigidly attached at one end only. These supports are all inside the 
metal shield VM, Plate 1b, provided to eliminate the effect of static charges 
on the quartz. A shadow image (diffraction pattern) of the fibres pro- 
duced by the light from the sky passing through an exceedingly fine 
vertical slit S; carried by the slit holder shown at the left of the rule in 
Plate 1a fell upon the photographic film through a wide horizontal slit Se 
on the opposite side of the cylinder. The thermometer 7 was a small coil 
of duo-metal carrying a minute pointer P which moved up and down a 


Plate 1. a. The complete recording instrument ready for flight. A 6-inch (15 em) 


rule is shown beside it for comparison. 
b. The inner mechanism. 


vertical slit V behind which the photographic film was moving, the whole 
being illuminated by skylight entering through a fine horizontal slit 
in the cap which fitted, light tight, over the thermometer and barometer 
chamber. The barometer B is a small, closed-arm manometer, the top 
of the liquid surface in one arm of which is also registered on the photo- 
graphic film by skylight entering through H. The two circular films and 
the black paper separating them were fastened on the carrier F which 
was directly connected to the main spring of the small watch W. 

Each of these electroscopes was carried up by two balloons eighteen 
inches across when deflated and weighing about 300 grams apiece. These 
balloons were specially made from our specifications by the Sterling 
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Rubber Company of Guelph, Canada. They were inflated with hydrogen 
to a buoyancy of 550 grams each (diameter about 95 cm) and rose at a 
rate of 130 meters per minute when carrying between them a total load 
of 220 grams (electroscope, cord, directions for return and so forth). 
The rates of ascent were measured by the two-theodolite method, 
Lieutenant McNeal was especially sent from Washington to Kelly Field 
by Major William R. Blair of the U. S. Signal Corps to assist us in these 
experiments by making these two-theodolite altitude measurements. 


Be Se ae 


Plate 2. a. Reproduction of the photographic film giving the temperature record 
of the 15.5 km flight. 

b. Reproduction of the photographic film giving the divergence of the electroscope 
fibers during the 15.5 km flight. 


The purpose of sending up two balloons with each instrument is not 
merely to gain additional buoyancy but to enable one of them to bring 
the instrument safely to earth after the other has burst and also to serve, 
after the return to earth, to attract attention and increase the likelihood 
of the return of the instrument to the sender as per instructions attached 
to it. 

We succeeded in making four flights and had three instruments 
returned, two of which had reached the altitudes of 11.2 and 15.5 kilo- 
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meters respectively. They were returned from distances about eighty 
miles away from the starting point. 

Plate 2a is a reproduction of the photographic film giving the tempera- 
ture record of the 15.5 kilometer flight. The film was driven at the rate 
of 48° to the hour, the total time of flight as shown by this film was three 
hours and eleven minutes. This was accurately determined by plotting 
as in Fig. 2 the slopes of the time-temperature curve going up and coming 
down. The point of intersection of these two slopes gives the exact time 
at which one of the balloons burst and the descent began. The tempera- 
ture at this time was in this case — 60°C, as measured by the divergence 


ea cs 5) Hours 
Time of Flight 


Fig. 2. The time-temperature curve for one flight. 


of the two traces, a divergence read with a microscope and accurately 
calibrated by preceding laboratory tests down to —77°C. The horizontal 
edge on the left side of the blackened portion of the film gives the instant 
at which the driving mechanism was started just before the beginning 
of the flight. In this particular flight the apparatus reached the earth 
just after sunset and for this reason the thermometer record vanishes 
before the temperature has quite returned to the initial value, but the 
rate of descent is altogether uniform so that no uncertainty is thereby 
introduced into the time of flight. The time of ascent was in this case 
115 minutes and that of descent 76, the total being 191 minutes. The 


HIGH FREQUENCY RAYS OF COSMIC ORIGIN 359 


relative times of ascent and descent are determined accurately from the 
ratio of the slopes of the ascending and descending portions of the tem- 
perature curve. 

Plate 2b is a reproduction of the photographic record of the divergence 
of the electroscope fibres during the three hours and eleven minutes of 
this flight. It will be seen that the two lines representing the shadows of 
the fibres on the film lend themselves very well to accurate microscopic 
measurement. Indeed, there was a very sharp diffraction edge on each 
side of each line which made the setting particularly exact. On account 
of the fact that we were interested only in discharge rates at high altitudes 
we used for our computation of these discharge rates the initial measure- 
ments of the deflection of the fibres when the instrument had reached 
an altitude of 5 kilometers on the ascent, and final measurements of the 
fibre-deflection when it had reached again the same altitude of 5 kilo- 
meters on the descent. Since the temperature of the instrument is the 
same at a given altitude while going up as while coming down, our dis- 
charge rates are thus made entirely independent of the influence of 
temperature upon the elastic properties of the fibres and supports—a 
matter that we have found to be of greatest importance. 

Fig. 3 contains the graphical representation of all of the electroscope 
readings as well as the time-altitude determinations, abscissas being 
time in hours and the scale of ordinates to the right, altitude in kilometers, 
while the scale of ordinates to the left represents fibre-deflections. The 
straight sloping lines meeting at the top represent the constant rates of 
ascent and of descent, the first of which are obtained from direct the- 
odolite measurements. 

The line G at the top sloping gently downward is the rate of discharge 
in scale divisions while the instrument was at the surface. This discharge 
rate is very accurate since it was taken over a discharge period of twenty- 
four hours. It will be seen that the straight line F connecting the two 
groups of points representing measurements at the two 5 kilometer 
altitudes has a slope corresponding to a mean discharge rate three times 
that found at the earth’s surface. This shows quite unambiguously, in 
agreement with the findings of Gockel, Hess, and Kolhérster, that the dis- 
charge rates at high altitudes are larger than those found at the surface. 
Quantitatively, however, there is complete disagreement between the 
Hess-Kolhorster data and our own, the total loss of charge of our electro- 
scope in the two hours spent between the altitudes of 5 km and 15.5 km 
having been but about 25 percent of that computed from the Hess- 
Kolhorster curve which is represented by the curved line K of Fig. 3. 
The data plotted in Fig. 3 also shows very beautifully that, despite the 
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extraordinary precautions herein taken to make an electroscope whose - 
readings would be independent of temperature, there was nevertheless a 
marked temperature effect. Thus Fig. 3 shows that the apparent de- 
flection reaches a minimum when the temperature is a minimum and 
then rises again as the instrument warms up in the descent. Our results 
are entirely free from these temperature effects since our initial and final 
readings are taken under the same temperature conditions. 

The mean rate of discharge in the ascent from 5 km to 15.5 km and 
the descent again to 5 km of this electroscope was 46.2 ions per cc per sec. 
The average rate of discharge of the same electroscope at the surface 
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Fig. 3. Electroscope readings and altitude determinations as functions of the time. 


was 15.4 ions per cc per sec., so that the mean rate of discharge at these 
very high altitudes here attained was but three times the surface rate, 
in contrast with the sevenfold rate shown by the data in Table 1 at the 
lower altitude of 9 km. 

Another, flight which reached an altitude of 11.4 km also yielded a 
total loss. of charge not more than 25 percent of that found by the 
European’ observers, though some temperature changes rendered its 
evidence much less reliable than that of the 15.5 km flight. 

The results then of the whole Kelly Field work constitute definite proof 
that there exists no radiation of cosmic origin having such characteristics 
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as we had assumed. They show that the ionization increased much less 
rapidly with altitude than would be the case if it were due to rays from 
outside the earth having an absorption coefficient of .57 per meter of 
water. 

Taken in conjunction, however, with experiments on absorption co- 
efficients to be reported in the succeeding articles II and I1I—experiments 
which present unambiguous evidence for the existence of a cosmic radia- 
tion of extraordinary penetrating power, yw calculated as above being as 
low as .18 per meter of water, these experiments at very high altitudes 
have important bearings upon the distribution in wave-length of these 
hard rays as they enter the atmosphere. 


NORMAN BRIDGE LABORATORY OF PHYSICS, 

CALIFORNIA INSTITUTE OF TECHNOLOGY, 
PASADENA, CALIFORNIA, 
December 24, 1925. 
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A CORRESPONDENCE PRINCIPLE IN THE 
COMPTON EFFECT* - 


By G. BREIT 


ABSTRACT 


Correspondence theorem for frequencies.—It is well known that the 
frequency emitted by a hydrogen atom as it falls from one of its quantized states 
to another may be expressed as a mean value of the frequency of motion of the 
electron (or overtone thereof) when averaged in the proper manner over orbits 
intermediate between the initial and final states. In the present paper it is 
proved that, similarly, the Compton shift is a properly taken mean of the classical 
Doppler shift. The quantum frequency actually scattered is thus a properly 
taken average of the frequency which would be scattered on the classical theory 
as the electron is accelerated from its state of rest to its final recoil condition. 

Correspondence principle for intensities.—In like manner, the amount of 
light scattered in various directions may be determined if it is assumed that the 
intensity in the quantum theory equals a proper average of the intensities 
scattered according to the classical theory. A comparison is made with observed 
data on the scattering of y-rays. 

The characteristic feature of the present paper is that the corresponding 
classical electron is assumed to have the same direction of motion as the scattered 
quantum, whereas an actual classical electron would from symmetry recoil 
straight forward in the direction of the incident beam, as in Compton’s and 
Woo’s theories of intensities. This new point of view eliminates the difficulty 
of a constant correction-factor which has been encountered by Compton and 
Woo in their explanation of intensity relations. 


1. INTRODUCTION 


HEORIES giving the dependence of the intensity of scattered radia- 

tion upon the angle have been given by Compton, Debye, and Woo. 
The theory of Debye is in poor agreement with experiment. The theories 
of Compton and Woo agree with experiment except for the occurrence of 
a factor 1+2A/Xo which must be omitted in order to satisfy the experi- 
mental facts. The theory of Compton and Woo postulates that the 
intensity of the scattered radiation may be obtained by considering the 
classical scattering by an electron having the velocity cA/(A+Xo), where 
c is the velocity of light, Xo the wave-length of the incident radiation, 
and A=h/moc, h being Planck’s constant and my the rest mass of the 
electron. The reason for this assumption as given by Compton is that 
such an electron scatters radiation of the right frequency and that, 
therefore, it may also be expected to scatter it with the right intensity. 


* Presented at the Kansas City meeting of the American Physical Society, Dec. 1925. 
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A priori there is no objection to this reasoning. However, the calcula- 
tions of the above authors show that their picture is not altogether satis- 
factory. The factor by which their result must be divided is just such 
as to give the classical intensity in the direction of the incident radiation. 
This fact in itself suggests another point of view. 

The emitting atom and the scattering electron may be conceived as one 
complex atom. The scattering process is the emission process of that 
atom. In its initial state the electron is at rest, and in the final state the 
electron is in motion. According to Bohr’s correspondence principle we 
should expect that both the frequency of the emttted radiation and its 
intensity are given by proper averages of the corresponding quantities between 
the initial and final states. It is clear without calculation that such a point 
of view leads us to expect the same intensity in the direction of incident 
radiation as is demanded by the classical theory, because in this case 
there is no recoil of the electron. We first show that the frequency 
actually scattered is a properly taken average of the frequency scattered 
classically in the initial and final states of the scattering electron. We 
then calculate the intensity of scattered radiation in the initial and final 
states and we show that a proper mean of these values is in agreement 
with experiment. Even though we apparently adhere in this to the 
prescriptions of the correspondence principle, we cannot altogether put 
this problem on the same footing as the application of the correspondence 
principle to the atomic frequency theorem of Bohr or to the selection 
rules. To do this it would be necessary to obtain a description of the 
possible atomic states by means of phase integrals. 


2. CORRESPONDENCE THEOREM FOR FREQUENCIES 


The quantum theory of the Compton effect is governed by the relations 


MoV hvy hyo 
———— cos ¢+—— cos @ = 
/1— C C 
Mov hv ; 
— ——— sin ¢ + —— sin.6 =0 (I) 
Nl 8? c 


1 
MC? (Gas) +hv, =hvo 


where the electron is supposed to be at rest before scattering. In these 
relations hyo and hv, are the magnitudes of the original and scattered 
quanta, respectively; 6, the angle between their directions; g, the angle 
between the velocity v of the electron after scattering and the incident 
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radiation; and B is v/c. As is known, when these equations are solved for 


vy, one finds 


Vo 
Vg ee 
Vo (ITI) 
1+—(1—cos 6) 
N ( | 
where : 
ve a . (II’) 


In order to determine the frequency which would be scattered by the 
electron in its final recoil state we must consider first of all what the 
incident frequency appears to be to an observer on the moving electron. 
We must next compute how the scattered radiation is transformed to 
the stationary frame of reference. The system of the recoil electron we 
refer to as K’ and to that of the stationary one we refer as K. In the 


Fig. 1. 


equations of the Lorentz transformation we take the X axis along the 
direction of recoil. The fundamental relation is 


1-8 COS Vay Ale 
VI=8? ~~ 1—Bcos ¥ 
where W is the angle with the X axis referred to K, VW’ is the same angle 
referred to K’ and », v’ are the frequencies of the radiation referred to 


K, K’ respectively. We have, therefore, for the frequency scattered by 
the recoil electron on the basis of classical relativity 


(III) 


~ | < 


Voc 1—6 cos a (1) 
Vo 1—B cos (0+¢) 
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Whence using (II) we have 


Voc N—v»v,(1— cos 6) 1 Ve \2 
eB 


Cee — —_ 
= — — 


N-+2(1— cos 6) 2 
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This means that 
ii 
log v=" llog vot log vy. | (5) 


In other words the logarithm of the scattered frequency is the arithmetic 
mean of the frequency which would be scattered in the initial and in 
the final states on the basis of the classical theory. If (v,—v0)/v0< <1 
we also have approximately vg=4$(vo-+v,-) as may be shown by a simple 
consideration of the vector diagram. 

It is hardly necessary to point out that Eq. (5) is not altogether 
analogous to Bohr’s Correspondence Theorem, for in that theorem 
attention is paid to the classical frequency in every intermediate step. 
In (5), however, we only use the mean of the end values of the classical 
frequency. It is perhaps dangerous to try to use a method entirely 
analogous to Bohr’s because the Compton shift does not exist on the 
classical theory. 

In a purely speculative manner, however, we may try to look at the 
problem from the following point of view. Since the quantum emission 
process is entirely unidirectional, the “corresponding” classical picture 
we take to be also entirely unidirectional. The classical plane wave is 
incident on the scattering electron and gradually imparts to it its final 
momentum. At any intermediate stage in this scattering process the 
electron is executing a recoil motion which, however, is smaller than the 
final one. We shall attempt to justify presently the assumption that the 
classically scattered frequency must be averaged by regarding h in (4) 
as a variable having a range between 0 and 6.55 X10~7. The weights of 
equal intervals in this range we consider as equal. Letting 


1— cos@ 
ie (6) 


moc? 
the average frequency emitted is according to (5) 
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nN 
as is seen from (II). This means that the scattered frequency is a properly 


taken average of the classically scattered frequency. 

The justification for taking the average in the manner indicated by 
(7) may be seen in the fact that Bohr’s correspondence theorem assigns 
equal weights to equal elements of length on the straight line in 1- 
dimensional space joining (Ji, Jz, ....) to (Jit+mh, Jo+noh,....). 
Considering for simplicity the one-dimensional case, the frequency 
emitted is (09W/dJ) where W is the energy and where the average is 
taken between J and J-+xh, equal weights being attached to all elements 
dJ. It is clear that equal weights are attached to all intervals correspond- 
ing to equal energy intervals as long as W increases uniformly with J. 
In general W does not increase uniformly with J, this being rigorously 
the case only for a linear oscillator. The averaging assumption included 
in (7) means that equal values of AW referred to the original emitting 
atom correspond to equal weights in the scattering mechanism. To this 
extent we suppose the emitting atom to be equivalent to a linear resonator 
at a large distance. 

We think, therefore, of the emitting atom and the scattering electron 
as one complex atom. We have shown by means of II, (4), (7) that the 
frequency vo which is actually scattered is the average of the frequency 
which would be scattered on the classical theory provided the energy 
extracted from the quantum incident on the electron determines the 
linear scale for averaging. 


3. CORRESPONDENCE PRINCIPLE FOR INTENSITIES 


We may now pass on to the intensity relations. We need first of all to 
know what intensity the classical theory would give for the radiation 
scattered in the final recoil state. We adopt as a criterion the intensity 
scattered per unit solid angle in the direction 6 of the actually scattered 
radiation. We shall simplify the calculation by showing that in the 
frame of reference of the recoil electron the incident and recoil quanta 
make with each other the same angle 6 as in the frame of reference of the 
electron before scattering. This fact, as well as others useful in connection. 
with the present problem, can be obtained most simply by using Pauli’s 
very elegant treatment of the interaction between quanta and electrons. 
Pauli denotes the energy of the quantum by £, its momentum by I’, the 
energy of the electron by U and its momentum by G. He then shows that 
if a frame of reference be chosen such that in it I! and G are equal and 
opposite before impact, then after impact I and G are equal and opposite, 


1W. Pauli, Zeits. f. Physik 18, 272 (1923). 
* Laue, Die Relativitatstheorie, Vol. I, p. 124, formula 177; Vieweg, 1921. 
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and, further, the new values of I’ and G as well as the new values of E and 
U are all equal respectively to their old values. The only change in that 
frame which occurs at collision is a change in the direction of all the 
vectors without change in absolute magnitude. It is clear from this fact 
and the symmetry of Fig. 2 that a Lorentz transformation to a frame of 
reference moving with velocity v along G leads to the same result for the 
angle between I’ and I’ as the Lorentz transformation to a frame moving 
with the same velocity v along G’. This proves that in the frame of the 
recoiling electron the angle between the incident and the reflected 
quantum is the same angle @ as that formed in the frame of the electron 
before collision. 

It further proves that in the frame of the recoiling electron the reflected 
quantum has the magnitude /vp and the incident quantum has the mag- 
nitude ye, while in the frame of the electron before collision the reflected 


om ai 
Fig. 2. 


quantum has the magnitude hy, and the incident one is hvo. (The magni- 
tude of the quantum is the same if referred to the electron before and 
after collision.) 

Suppose now in K’ (the frame of the recoil electron) the amount of 
energy radiated into the angular domain d6’, dg’ is 


f(6’,¢") sin 6’ dé’ dg’ (8) 
then in the stationary frame of reference K this radiation appears to 


have an energy content greater than the above in the ratio v?:v” so that 
an amount of energy 


y? 
= f(6’,¢') sin 6’ d0’ dg’ (9) 
V 
is radiated into the corresponding angular domain d0, dy.” 
Since 


p2 


sin 0’ d@’ dy’ = e sin 6 dé de (10) 
Vy ‘ 
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we have an amount of energy 
Dae 
(<-) 10.) (11) 
V 


per unit solid angle in K. In this formula it is important to remember 
that v/v’ refers to one particular direction of radiation, namely, that of 
the recoiling quantum. Therefore, here we must write 

v Vg 


— = — (12) 


V Vo 


making the energy distribution 
V9 3 Uy / 
moe) FAY. (13) 
vo 


The expression for f(6’, g’) is obtained by considering what becomes of 
the incident radiation when it is transformed to the frame of the recoil 
electron. If the intensity of this radiation in K is J and if in K’ it is Io’ 
the value of f(8’, ¢’) is given by the Thomson expression 


1+ cos? 6 
f(0',¢') = Chi aa (14) 
where 
e3 
ae 


because the angle between the scattered and incident radiation we showed 


to be 6in K’. Further 
ph \2 | 
I) = (—) I (15) 
V 


where ’/? is the quotient of the frequencies computed by the Lorentz 
transformation for a ray in the direction of the incident quantum. Since 
in K this quantum is fyp and in K’ it is hv, 


Ss (16) 


and the amount of energy scattered per unit time by the recoil electron 
from a beam of radiation of intensity Io is 


64 2 2 

oF = =cr( yj. Clo 1+ cos 26 (17) 
Vy 
° | 1+2a- cos @ )| 
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where use has been made of II. We write this also as 


%=.| 14721 0s 9 )| ie (18) 


where J,, is the classical expression of J. J. Thomson, which does not take 
into account the Compton shift. 

The above expression ©” represents the rate at which energy is emitted 
by the electron during the scattering process. It does not represent, 
however, the amount of energy scattered in a given direction because if 
a train of finite length is incident the length of the train reemitted in the 
direction @ is not necessarily the same. Since the number of waves in the 
incident and the scattered rays is the same, the ratio of the two lengths 
is the same as the ratio of the wave-lengths as measured in K or the 
inverse ratio of the frequencies. Hence the amount of energy scattered 
is, using (4), 


2 
por (= ie (19) 
We have, therefore, substituting (18), 
Vo pe 
1,=1oc | 1+ cos 0 )| , (20) 


Expression (20) represents the average rate at which energy is scattered 
by the electron if a number of trains of waves are incident, while (18) 
gives the rate of scattering during the incidence of one of the trains. 
Which of these expressions one must use depends upon the appli- 
cation. The important fact is that both J, and eF% are less than 
Ige(1-+(v0/N) (1 —cos 6) |- and that the latter expression represents satis- 
factorily the experimental results. Expression (20) appears to be the 
correct one to use if the total amount of energy scattered is taken as the 
criterion. From that point of view very much more weight should be 
attached to the properties of the recoil electron than to those of the 
stationary one in calculations of intensity because the difference between 


(1+y)- and (1+,y)- is smaller than between 1 and (1+ y)7%. Thus for 
small y 


1—(i+y)=3y and (1+y)-?—(1+y)* Sy 
while for large y 


1—(1+y)-=21 and (1+y)?—(1+y)#=0 
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In justification of using expression (18), however, one may say that it 
deals with the stationary rate at which energy is scattered while a plane 
wave is continuously incident on the recoiling electron. Therefore, if the 
emitting atom and the recoiling electron are considered as a unit which is 
constantly radiating, expression (18) is the right one to use. It isa curious 
fact that the transition from (18) to the empirical formula | 


ee 
pce J 1+ 208° | (21) 


may be thought of as very analogous to the transition from vy, to Vg 
represented by (4). We may say in fact that (21) is obtained from (18) 
by using the same intermediate value of the averaging parameter x 
(see Eq. 7) as that which makes »,, go into vs. In fact, this value is such 
that 


1 i| 
(1+avox)? | delaware 
and therefore 
Lc Loc 


(1 avon). aaa 


The meaning of this method of averaging is that the radiating ability of 
the atomic system is considered in such an intermediate stage that the 
classically computed frequency is the actual emitted frequency. It is of 
course known from the phenomena of dispersion that the reaction of 
an atomic system to a light wave depends on the properties of “‘virtual 
oscillators,” and that the frequency of these oscillators is the quantum 
transition frequency. We attempt above to interpret this as meaning 
that approximately at least this is due to the action of an intermediate 
atomic system which is determined by that stage of the transition in 
which Bohr’s corresponding frequency is equal to the emitted frequency. 

It would be desirable, of course, to compare this method of averaging 
with others also in other cases. In view of the uncertainty of the atomic 
models, we cannot make a definite statement. However, it seems that 
the method used here is not worse than the customary ways of averaging 
and that it allows one to understand why in Lande’s g-formula j(j+1) 
takes place of j?. A reason for this may be seen in the fact that different 
values of 7 correspond to different k’s in the relativistic separation 
formula which is obeyed empirically with j substituted for k. This means 
that the dependence of the energy level on 7 is given by a term of the 
form A/n*j (A a constant) and therefore the ‘‘corresponding” frequency 
is such that the value of 7 which corresponds to it is given by 
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ere Fer t 
This means that j7.2=j(j7+1). Our assumption is here that the interaction 
between parts of an atom is not determined by the actual state of the 
atom but by a state intermediate between the state and a neighboring 
one, this intermediate state being chosen in such a way that the orbital 
frequency is equal to the frequency which would be emitted in the 
transition between the two states. 


4. COMPARISON WITH EXPERIMENT 


A comparison with experiment cannot be carried out satisfactorily 
at present on account of the scarcity of experimental material. The 
measurements: on the Compton effect for x-rays are not covered by the 
above theory on account of the influence of atomic structure on the 
phenomenon of scattering. This question is treated in various papers by 
Jauncey.2 We must rely, therefore, on the measurements of A. H. 
Compton‘ in the range of hard y-rays. In these the wave-length of the 
scattered y-rays has not been determined, and it is not known whether 
all of the scattered radiation was modified. Compton determined in- 
tensities of scattering in various directions relatively to scattering at 
90°. He also found that Ig9°/J)>=0.037. In the adjoining table the first 
column gives the angle of scattering, the second the average of Compton’s 
experimental relative values, the third these values multiplied by 0.037, 
and the fourth values computed from our formula (21). The numbers 
in the fourth column are higher than those in the third. The fifth column 
gives ratios of numbers in the fourth to those in the third. The average 
of these is 1.3. It is striking that this is the ratio of 0.048 to 0.037. If, 
therefore, on account of a systematic error Compton’s determination for 
90° should be in error to that degree, formula (21) may be considered 
as representing experiments satisfactorily. 


TABLE II 
Average 0.037x Theoret. 
6 Relative Av. Rel. a Theor. 
Value Value iGo Exp 
vo 
30° 1S 0.389 0.555 1.4 
45 6.87 0.254 0.305 re 
60 4.3 0.159 0.156 £0 
75 197 0.073 0.080 ee! 
90 1.0 203 7 0.0476 j Aa 
120 er 0.0259 0.0288 et 
135 0.45 0.0166 0.0267 1.6 
150 0.47 0.0172 0.0260 5 


$ Jauncey, Phys. Rev. 25, 314, 723 (1925); Phil. Mag. 49, 427 (1925). 
4 Compton, Phil. Mag. 46, 897 (1923). 
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It must be emphasized, however, that a definite conclusion may not 
be drawn at present because it is not known whether the unmodified 
radiation was entirely absent in Compton’s experiments. Even a small 
amount of it would change the interpretation of the experiments because 
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Fig. 3. 


its dependence on the angle of scattering is very different from that 
given by (21). In Fig. 3 the J. J. Thomson formula is represented by 
Ipc, our (21) by Igc(ve/v0)? and Compton’s experimental values by the 
small circles. 
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AN EFFECT OF TEMPERATURE ON X-RAY ABSORPTION 
By H, S. Reap 


ABSTRACT 


The effect of temperature on the average atomic absorption coefficients 
for x-rays.—The variation with temperature of the absorption by sheets of 
Al, Cu, Fe, Ni, Ag, and Pb of the total x-radiation from a tungsten x-ray 
tube operated at 50 kv has been studied. The measurements were made by 
balancing the ionization currents produced by two x-ray beams from the 
same tube, one of which passed through the absorber. After proper corrections 
are made for changes in the density of the absorber and of the air in the path 
of the beam, there remains a residual effect indicating a true variation of the 
atomic absorption coefficient with temperature. The results indicate that for 
all absorbers used the average atomic absorption coefficients for the total 
x-radiation from the tungsten target increased nearly linearly with the tem- 
perature by about 0.2 percent per 100°C up to temperatures near the melting 
point of the absorber. The work is being continued to determine the magnitude 
of the effect at different wave-lengths. 


HE statement has been made,!?? and is generally accepted, that 

heating a crystal affects measurably its ability to reflect x-rays. 
Also it has been stated* that x-ray absorption is independent of all 
physical conditions, and specifically, independent of temperature. The 
critical analysis of x-ray phenomena show such close relations between 
transmission, reflection, scattering, and absorption that they appear to 
be consequences of one or two more fundamental phenomena. The object 
of the present work was to search for an effect of temperature on x-ray 
absorption by the metals, Al, Fe, Ni, Cu, Ag, and Pb. 

A small temperature effect has been found and measured. Although 
this preliminary work does not give the accurate value of the small effect, 
it shows the existence of the temperature effect and the experiments are 
being continued to determine the value for the different wave-lengths. 


METHOD AND APPARATUS 


A balance method of measurement was used. Two beams from one 
Coolidge tungsten x-ray tube (Fig. 1) were isolated by four pairs of lead 
slits and a Bumstead electroscope indicated their balance in two ioniza- 
tion chambers containing methyl bromide. An absorber in one beam was 

1 W. H. and W. L. Bragg, X-rays and Crystal Structure, 1st ed., pp. 190, 196. 

2 C. G. Darwin, Phil. Mag. 27, 325 (1914). 

3 P. Debye, Ann. d. Physik 43, 49 (1914); Vehr. d. D. Phys. Ges. 15, 678, 738, 857 


(1913). 
4 W.H. and W. L. Bragg, X-rays and Crystal Structure, Ist ed., p. 46. 
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heated by raising up an electric furnace with a narrow slot for the absorber 
holder. The furnace was 20 cm long, 8 cm inside diameter, and to prevent 
air currents was closed at the ends by Al sheet .001 cm thick. After 
raising the furnace the balance was found to be destroyed and the small 
amount that the adjustable slit in the other beam was changed im order 
to regain a balance, was recorded. All records and computations were 
made in terms of the adjustable slit width. Seven or nine trials, alter- 
nately hot and cold, were made and the difference between the averages 
computed. This difference was the uncorrected measure of the tempera- 


. Scale \F 
1) ” ee 


ture effect. 


=a 
i aed 
— 


Fig. 1. Arrangement of apparatus. 


Six 100 ampere-hour storage batteries were soldered together for a 
12 volt source for the tube filament. Over one hour was allowed for the 
battery to approach a constant discharge current. After that time the 
tube electron current decreased very steadily at a rate of nearly 0.2. 
milliamperes per hour. A source of alternating current was obtained by 
running a compound wound rotary converter on a Terrill regulated d.c. 
generator. Voltage fluctuations larger than one percent would have been 
detected on the voltmeter. 

The steadiness of operation is measured by the facts that the adjustable 
slit could be set to 1.0 10-4 inch, and when set the electroscope deflection 
did not change over 1 mm in 10 seconds. However, some unknown cause 
gave variations as large as 30107‘ inch from day to day. The total 
absorption of the metals used was equivalent to 6000 to 90001074 inch 
and the temperature effect was from 0 to 20010-4 inch. The maximum 
slit opening was 1.2400 inch. 

An improved Bumstead electroscope was used to indicate the balance 
between the ionization currents in the two chambers. The sensitivity 
used was about 150 mm per volt of leaf potential. The possible greater 
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sensitivity? would not have increased the accuracy proportionately 
because errors in single slit settings were smaller than other errors. 

A correction for the smaller density of hot air in the x-ray path and 
for the Al furnace windows was made by measuring the effect of raising 
the furnace up around the empty holder while the absorber was across 
the x-ray beam but beyond the furnace. This was done for each absorber 
at each temperature used and the correction obtained was appropriate 
for the particular x-rays transmitted through the sample and for the 
particular furnace temperature. Since the order of position of successive, 
relatively thin absorbers does not affect much the total absorption, the 
different location of the absorber for the air correction observations 
caused no error. 

Switching on and off the full load current in the furnace did not give 
any observable unbalance and consequently it was assumed that the 
fields of the furnace current did not cause any of the effect found. 

The temperatures of the absorbers were measured in arbitrary units 
by a chromel-alumel thermocouple inside and near the wall of the 
furnace. Later this couple was calibrated in terms of a standardized 
Pt-Pt Rh couple, one junction of which was placed between two similar 
layers of the various absorbers. 


EFFECT OF HEAT EXPANSION 


The measured change of x-rays transmitted was an absorption and a 
scattering effect. The latter is not easily computed and was not measured. 
However it probably was smaller than the absorption effect. For example 
Kaye’ says that for the copper group the scattered is sometimes less than 
1/200 of the total radiation and A. H. Compton’ shows that scattering 
of other elements is of the same order of magnitude or less. And, since 
the absorber in the furnace covered the beam there and had about twice 
the area of the final slit the scattering into the beam partly compensated 
scattering out of the beam. No correction was made for scattering or 
reflection. 

A correction was made for the thermal expansion of the absorber, an 
appreciable part of which expanded out of the path of x-rays. The beam 
was defined by a fixed slit, the projected area of which, at the absorber 
was an area B. Let m represent the number of atoms per cc in the cool 
absorber, x the cool absorber thickness, a and a’ the average atomic ab- 


5 K. Cole has recently calibrated a Bumstead electroscope up to 37,000 mm per volt. 
J. Optical Soc. of America 10, 99 (Jan. 1925). 

6 Kaye, X-rays, 4th ed., p. 114. 

7 A. H. Compton, National Research Council Bulletin 4, Part 2, No. 20, p. 5 (1922). 
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sorption coefficients for the absorber cool and hot respectively, Io the 
incident intensity, and J the transmitted intensity. For room tempera- 
ture the transmitted energy is 


W,=Bl=86/], exp [—anx | (1) 


and for the heated absorber is 


os Oe ) | = Br exp| | (2) 
W2=BIyexp | —a = g) | =BI exp - 

soem ill soetigecs (+e) 

where (1+¢) is the usual thermal expansion coefficient for the absorber, 
values of which for the temperature ranges used were obtained from 
tables of Landolt and Bornstein, 5th edition, p. 1228. The percentage 
increase in transmitted energy due to heating is given by | 


Weo—-W;1 a'nx 
K,=—————_ = exp | an | —1i, (3) 
Wi (1-9) 


Since the largest value of 2g used was .0388 and of anx was 1.69 this 
expression reduces approximately to 


K.=(a—a’)nx+2ga'nx (4) 
TABLE I 
Computed results 
20° 190° 320° 475° 630° 880° 1080° 

Al anx ;  +.66 

102 cm Ki, : 0003 .0062 .0035 .0060 .0085 

thick KK : .0000 .0054 .0102 .0195. .0235 
Ka-Ke: 0003 .0008 —.0060 —.0135 —.0150 

Fe anx g 914 

014 cm Kn :  .0000 .0025 .0043 .0050 .0075 .0134 
Ke : .0000 .0038 .0073 .0117 .0164 .0254 
Kn—-K.: .0000 —.0013 —.0030 —.0067 —.0089 —.0120 

Ni anx aod yee ; 

.008cm Kp», “-» 20014 .0023 .0046 .0071 .0106 .0089 .0190 
ie 3 0000 .0053 .0103 .0150 .0214 .0319 .0410 
Kn—-K.: .0014 —.0030 —.0057 —.0079 —.0108 —.0408 —.0220 

Cu anx ; 1.14 

.009cm K» : — .0002 .0024 .0051 .0078 .0068 .0023 
Ke : .0000 .0066 .0119 .0187 .0258 .0386 
Kn—K. : —.0002 —.0065 —.0068 —.0109 —.0190  .0363 

Ag anx ee) 

095cm Ky» oF 0002 .0023 .0054 .0087 .0117 .0171 
Ks :  .0000 .0063 .0112 .0176 .0245 .0368 
Kn—-K.: .0002 —.0040 —.0058 —.0089 —.0128 —.0197 

Pb anx > 1269 

.004cm Ky OLY .0115 .0169 
K, :  .0000 .0166 .0301 
Kn-K.: .0019 —.0051 —.0132 
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The atomic absorption coefficient is not generally assumed to change 
with any physical or chemical condition but the measurements reported 
here indicate that it is approximately proportional to the temperature. 
To show this first assume a=a’, giving K,=2ganx. Because K, is positive 
the transmission should be greater when the absorber is hot. The ob- 
served values, K», of the percentage increase in transmitted x-rays due 
to heating the absorber together with the values, K,, calculated on the 
assumption that the change is due to the usual thermal expansion only, 
are given in Table 1 and are presented graphically in Fig. 2. 


Fig. 2. Variation with temperature of the percent increase in transmission. Ky is 
observed and K, calculated on the assumption that there is no variation of the atomic 
absorption coefficient with temperature. 


To express the percentage decrease in transmission in terms of the 
percentage increase in absorption (L,—L-.) simply multiply by the ratio 
of transmitted to absorbed energy. 


Wi, 
Lima Le a oe es igs a Km—K.) (S) 
( ) ee 
It will be noted that the measured change K,, was smaller than the 
calculated change K,. In fact K, was approximately twice Km, except 
for a few temperatures. Therefore a’ is not equal to a. These results 
suggest that the average atomic absorption coefficient depends on the 
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temperature of the absorber in the following manner. Within the experi- 
mental error and for most of the temperatures and metals used 


Keone (6) 
The true K, given by Eq. (4) should equal K ,, 
ganx = (a—a')nx+2ga'nx (7) 


The largest value of g was .0194 which may be neglected here when added 
to unity and Eq. (7) reduces approximately to 


a’=(1-+g)a.. (8) 


This relation may be very important in the application of x-ray data 
to atomic structure studies. It should be confirmed by independent 
further measurements but unfortunately x-ray intensity measurements 
cannot, in the present state of the art, be measured much more accurately 
than was done for this work. The art of making accurate intensity 
measurements should be developed or new methods used for such work. 
Absorption coefficients are now known to three significant figures and 
as soon as they are measured to four figures a temperature correction will 
be necessary. It must be remembered that the a used above is not the 
usual coefficient, for a has widely different values for different wave- 
lengths. Only an effective value is used here. The work is being continued 
using narrow bands of wave-lengths and the smaller intensity of reflected 
x-rays makes it more difficult but not impossible to get sufficiently accurate 
results to show the temperature effect on absorption. | 


SAMPLE OF DATA AND COMPUTATION 


A complete set of observations and computations is given below: 
Primary, 61.0 volts, 2.8 amps.; tube current, 3.1+.1 m.amps.; tube 
filament current, 3.75 amps.; electroscope sensitivity, 173 mm per volt; - 
temperature in the furnace, 475°C. 
Run 1. Air effect,x-rays filtered through the Ag strip. 
Ave. Diff. 
slit reading (cold):°'.7812”" .7806"’ -.780077 127797" setae 


+ .0072 
slitreatling (hot) :4s.1882" “7 Sie SLO .7876 
Run 2. Ag absorber (0.5 min. allowed to heat or cool off) 
slit reading (cold): <¥811 | .7897° -.7798 45 | 780tneeoe 
.0032 


Slit reading (hot): .7834 —.7832 - .7832 1833 
The difference, W2—W =.0072'’—.0032’’=.0040’’ of the adjustable 
slit measures the effect of mass expanding out of the beam and any change 
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in absorption coefficient. (W2—W1,)/W, is the measured percentage in- 
crease in transmission due to the heating. 

No absorber in balanced a slit setting of .0405’’. Complete absorption 
by a strip of Pb balanced 1.2400’’. The Wo incident on the absorber was 
1.2400 —.0405 = 1.1995. The Ag transmitted 


W,1=1.2400 — .7804 = .4596’’ (9) 
Thus 
W.-W, .0040 
n= = ——- = .0087 10) 
Wi .4596 
=0.87% change . 
Since 
Io 1.2400—.0405 
te ssfea Dae lies BG UT 
iE 1.2400— .7804 
Io 
anx =2.30 log ae as (11) 
and, since for Ag 2g = 16.8 10-3, 
K,=2ganx= .0176 (12) 
Km—K,.= — .0087+ .0176=+ .0089 (13) 


The Ag transmitted .89 percent less at 475°C than at 20°C or by Eq. (5) 
the Ag absorbed 


.4596 


ee 09 = 0.93 
.7804— .0405 70 7 


more at 475°C than at 20°C. 


CRITICISM 


The increase in absorption due to heating was somewhat of a surprise 
and it seems appropriate to criticise the method and results as follows. 
The balance method is good for such work but the two x-ray beams were 
not exactly alike, and the absorber filtered one beam. 

Total radiation used had a limiting wave-length of about 0.25A. The 
value of anx used in computing K, is only an effective value and the 
approximation 


exp [2ganx|=1+2ganx (14) 
may not be close enough for all wave-lengths present. If the result, K 


—K., were small compared to K , more terms of the expansion should be 
used. 


380 HS READ 


The value of K, depends on the expansion coefficients but it is improb- 
able that there is the 50 percent error in the latter which would be needed 
to make the temperature effect zero. 

The absorber and the absorber holder must have warped slightly on 
heating. To calculate the angle of warping which would just account for 
the effect simply remember that approximately K,,=2/3K, and that 
K, is about 3 percent at 1000°. Thus an increase of 1 percent in the trans- 
mitted intensity when hot would make K,=K,. This requires 1.7 per- 
cent increase in anx for Al, 0.7 percent for Pb, and intermediate values for 
the other metals. A warping of 8° would increase x by 1 percent but that 
much of an angle seems improbable. No warping was observed. 

No way was found to separate the effects of temperature on absorption, 
reflection and scattering; all are combined here. 

The Braggs® show that the small amount of x-rays reflected from a 
crystal changes measurably with temperature of 370°. Collins’ says that 
temperature has a marked effect on the scattered x-rays. It is suggested 
but not proved that the measured effect is larger than all the x-rays re- 
flected and scattered and thus is larger than any probable change in 
reflection and scattering. 

I wish to express my thanks to Professor F. K. Richtmyer for his 
pleasant interest and very generous aid. He suggested this study. 


ROCKEFELLER HALL, 
CORNELL UNIVERSITY, 
February, 1924. 


8 W. H. and W. L. Bragg, X-rays and Crystal Structure, 1st ed., p. 196. 
* E. H. Collins, Phys. Rev. 23, 105 (1924). ‘ 
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NOTE ON CRYSTALLINE AND AMORPHOUS STATES IN THE 
AOKALISMETALS 


By C. C. BIDWELL 


ABSTRACT 


X-ray diffraction patterns obtained on a wire of metallic lithium at 20°, 
80°, 110°C show a decreasing diffracting power at the higher temperatures. 
This is consistent with the observations of Hull and McKeehan on sodium 
and potassium. The obliteration of the lattice structure at the higher tempera- 
tures is correlated with changes in the thermo-electric power and resistance 
lines previously found by the author for all the alkali metals. 


N a previous paper! on the resistance and thermo-electric power of the 

alkali metals a modification or structural change of some sort was 
shown to occur in the case of each of these metals, the transition being 
indicated by gradual changes in the resistance and thermo-electric 
lines. For lithium the change began to show at about +50°C, for sodium 
at about —40°C, for potassium about —120°C. The thermo-electric 
lines are straight to the transition temperature at which a gradual 
change in slope occurs. The resistance lines are of the form R= Ro(1+at 
+?) with different values for a and @ after the transition temperatures 
are passed. 

A careful study of the crystal structure of lithium at various tem- 
peratures by x-ray diffraction methods indicates that the change is not a 
change from one crystalline pattern to another but a gradual disintegra- 
tion of the lattice with rise of temperature. For this study a squirted wire 
of lithium was sealed into a thin walled glass tube, one-half of which was 
filled with sodium chloride and flour as a comparison control. The speci- 
men was mounted vertically in the x-ray beam and continuously rotated 
about its axis of cylinder. Heating was effected by a stream of warm air 
passing through a paper cylinder which was slipped down over the speci- 
men. By adjusting the velocity of the air stream and its temperature, 
any desired temperature could be maintained within five degrees. 

At 20°C a 72 hour exposure gave 5 lithium lines and 13 strong lines for 
the NaCl control. The lithium lines were consistent with a body-centered 
cube as found by Hull.? At 83°C a 92 hour exposure gave three lines for 
lithium, and again the 13 strong lines for the NaCl control. At 110°C a 
76 hour exposure still showed indications of the three lithium lines but 


1 Bidwell, Phys. Rev. 23, 357 (1924). 
? Hull, Phys. Rev. 10, 661 (1917). 
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very much fainter than in the 83° exposure, while the NaCl control 
showed 14 lines indicating certainly no diminution in the intensity of the 
x-ray beam. New specimens were mounted up for each of these exposures. 
While the films indicate some persistence of the lattice at 110° they in- 
dicate certainly that the structure is much less definite at 110° ‘than at 
83° and less definite at 83° than at 20°. 

Hull found difficulty in getting a sample of sodium which was not 
amorphous at room temperature but finally succeeded in getting a pattern 
of seven lines corresponding to a body-centered cube. He says “the 
tendency to form this regular arrangement is however very slight, corre- 
sponding to a small difference between the potential energies of the 
crystalline and amorphous states.’”’ McKeehan* was able to obtain a 
definite crystal pattern for potassium at —150°C and states that the 
observed crystalline structure does not persist when the temperature is 
allowed to rise again to 20°C. 

It is the purpose of this note to suggest that the changes indicated by 
the resistance and thermo-electric lines for the alkali metals may be 
correlated with the gradual disintegration of the crystal lattice. The 
thermo-electric power is particularly affected, the slopes of these lines 
even changing in some cases from positive to negative. The fact that 
these curves are not exactly reproducible on successive runs may be 
explained as due to the persistence in varying degree of the crystalline 
forms at the higher temperatures. The change in the resistance lines is 
not so marked out nevertheless is definite and in entire agreement as to 
the temperature above which the metal tends to become amorphous. 

The author wishes to express his gratitude to Dr. W. R. Whitney for 
offering the facilities of the Research Laboratory of the General Electric 
Company for this work and to'Dr. W. P. Davey for the use of the special 
X-ray equipment. 
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A NEW KIND OF TEST OF THE CORRESPONDENCE 
PRINCIPLE BASED ON THE PREDICTION OF THE 
RDOOULU THAIN TENSITIES OF SPECTRAL 
LINES 


By RicHARD C. TOLMAN AND RICHARD M. BADGER 


ABSTRACT 

The correspondence principle postulates a relation between the average 
rate at which energy is actually being discontinuously emitted by quantum 
transitions and the continuous rate of emission which would be calculated 
from the classical theory. The principle has hitherto been used to predict the 
relative intensities. of spectral lines of similar origin. Since, however, the 
classical theory permits a claculation of absolute rates of energy emission, it 
should be possible to calculate from the correspondence principle the absolute 
intensities of spectral lines. In the present article, the correspondence principle 
is subjected for the first time to this new kind of absolute test, using Czerny’s 
data on the intensities of the far infra-red lines Nos. 8, 9, and 10 in the pure 
rotational spectrum of the dipole HCl. Tests of this kind have not previously 
been easy to make owing to lack of information as to the experimental values 
of absolute intensities or lack of knowledge of the the atomic models involved. 
The agreement between experimental and calculated intensities is close enough 
greatly to increase our confidence in the correspondence principle, justify us 
in subjecting it to further tests, and lead us to hope that an exact quantitative 
formulation of the principle may be found: 


_ I. INTRODUCTION 


HE correspondence principle postulates a relation between the 

actual intensity of the light discontinuously emitted by the transi- 
tions of atoms from one quantum state to another, and the intensity of 
the light which would be continuously emitted on the basis of classical 
electromagnetics by the motion of the electric charges composing the 
atoms. The exact quantitative formulation of this relationship has not 
yet been discovered, although the problem has been specially considered 
by Kramers,! Hoyt,? Van Vleck,* Tolman,’ and others. Indeed except for 
the case of large quantum numbers it is not even certain thay any exact 
relationship necessarily exists. Nevertheless, the principle has proved 
of extraordinary value in ruling out the occurrence of quantum transi- 
tions when on the basis of the classical theory there would be no tendency 


1 Kramers, Kgl. Danske. Vidensk. Selsk. Skrifter 8, III, 287 (1919). 
2 Hoyt, Phil. Mag. 46, 135 (1923); Ibid. 47, 826 (1924). 

3 Van Vleck, Phys. Rev. 24, 334 (1924). 

4 Tolman, Phil. Mag. 49, 130 (1925). 
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for the emission of radiation of the kind in question, and furthermore 
especially in the hands of Kramers (loc. cit.!) has permitted at least the 
approximate prediction of the relative intensities of a very considerable 
number of spectral lines. These successes of the correspondence principle 
make us hope that its range of application can be extended. . 

In all of the tests of atomic or molecular behavior to which the corre- 
spondence principle has hitherto been subjected it has only been feasible 
to compare the experimental facts either with the prediction that a given 
spectral line will not occur at all or with a prediction as to the relative 
intensities of related spectral lines. Nevertheless, since the classical 
theory provides us with a method of estimating the absolute rates with 
which energy is absorbed or emitted by moving charges, it should be 
possible to predict with the help of the correspondence principle the 
absolute intensity of absorption and emission lines. 

It is the purpose of the present article to subject the correspondence 
principle to this new kind of more exacting test by comparing experi- 
mental and theoretical values for the strength of absorption lines of 
hydrogen chloride in the far infra-red. Such a test of predictions as to 
absolute intensities has not previously been possible, either because of the 
very limited number of spectral lines for which we know the absolute 
intensity, or because we did not have sufficient knowledge as to the 
atomic models involved. The recent beautiful work of Czerny,® however, 
on hydrogen chloride provides us with information as to the absorption 
of radiation accompanying changes in the velocity of rotation of a simple 
electric dipole, while the measurements of Zahn* coupled with the calcula- 
tions of Pauling’ give us a value for the electric moment of the dipole in 
question. As the result of the computations thus made possible, we find 
an agreement between experiment and theory, which is probably as close 
as could be expected with our present development of experimental 
technique and theoretical insight. This verification of a prediction as to 
absolute intensities cannot fail to increase our confidence in the corre- 
spondence principle, justify us in subjecting it to further tests and 
applications, and lead us to hope that the principle may sometime receive 
a correct and precise quantitative formulation. 


Part I. CALCULATION OF ABSORPTION COEFFICIENT 


2. Refinements in method of calculation. Our first task will be to cal- 
culate from Czerny’s absorption data the value of Einstein’s coefficient 


°.Czerny, Zeits. f. Physik 34, 227 (1925). 
® Zahn, Phys. Rev. 24, 400 (1924). 
” Pauling, Proc. Nat. Acad. 12, 32 (1926). 
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B;; which gives the probability of transition from a lower quantum 
state S; to a higher state S; by the absorption of radiation. We shall 
then compare the experimental value of B;; with that predicted by the 
correspondence principle. 

The method of calculating values of B;; and the results obtained in a 
wide variety of cases are illustrated by an earlier paper of Tolman.’ In 
these earlier calculations, however, the difference in the energy levels 
corresponding to states S; and S; was so large that the number of mole- 
cules in the upper state S; was relatively very small and the reinforcement 
of the primary beam by induced transitions from the upper to the lower 
state could be neglected. Our present treatment will be refined to cover 
this point, since the number of molecules in the upper quantum states 
under consideration is large enough so that the induced emission is in 
the neighborhood of fifty percent of the primary absorption. 

The treatment will also be modified in the direction of greater precision 
by not introducing into the theoretical development the assumption 
that the effective width of the line is small as has hitherto been cus- 
tomary. In the numerical application of the theory to the data in hand, 
however, we shall find it possible to introduce this simplification. 

3. Eznstein’s treatment of absorption and emission. Calculations of 
the kind to be made must be based on Einstein’s 1917 formulation® of 
the nature of the absorptive and emissive processes. In accordance with 
this-formulation, if we consider a system containing NV; molecules in the 
lower quantum state S;, and N; molecules in the upper state S;, sur- 
rounded by radiation of the frequency v involved in the quantum transi- 
tions, we may write the following expressions governing the rates of 
passage of molecules between the states by interaction with radiation. 
For the passage of molecules from state S; to S; by absorption we have 


—dN;/dt=Np,Bi; (1) 


where p, is the density of radiation of the frequency » which can be 
absorbed, and the constant B;; is Einstein’s coefficient of absorption. 
And for the passage of molecules in the reverse direction, we may write 


—dN,,/dt=N;Aj:+N jp Bis (2) 


where the constant Aj; is Einstein’s coefficient of spontaneous emission 
and the constant B;; the coefficient of induced emission. Furthermore, 
as a result of Einstein’s considerations we have the following relations 
connecting the coefficients 


§ Tolman, Phys. Rev. 23, 693 (1924). 
® Einstein, Phys. Zeits. 18, 121 (1917). 
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Srhv? F pi . 
A 5,=— ata 9 ; B= Bs (3) 
Ci Pi. Pi 


where p; and p; are the a priori probabilities of the two states. In apply- 
ing the above equations to an absorption experiment to calculate the 
effect of the molecules of a medium on the transmission of a beam of light, 
it should be noted that each molecule which changes from the lower state 
S; to the upper state S; under the action of the light in accordance with 
Eq. (1) is to be regarded as abstracting a quantum of light hv from the 
oncoming beam. On the other hand for the molecules which pass in the 
opposite direction in accordance with Eq. (2), a careful distinction must 
be drawn, since those dropping by spontaneous emission are to be re- 
garded as giving off quanta hy of random direction and phase, while 
those which go down by induced emission are to be thought of as giving 
quanta coherent with the stimulating radiation and hence reinforcing 
the primary beam. 

4. Modified formulation of absorption and emission. The original 
formulation given above applies strictly only to a system in which the 
radiation that can be absorbed or emitted may be treated as having a 
single definite frequency v, a condition of affairs which corresponds on the 
experimental side to a spectral line having no appreciable width and on 
the theoretical side to a system in which the molecules in a given quantum 
state all have exactly the same energy content. In actual systems, 
however, molecules in a given quantum state do not all have the same 
energy content, but owing to the effect of fields from neighboring mole- 
cules, to the velocity of thermal motion, and perhaps in a small degree to 
a fundamental lack of sharpness, the molecules in a given quantum. 
state have a range of energies distributed around a most probable value. 
And hence in accordance with the fundamental equation E=hv we 
obtain a range of energy changes and corresponding range in frequencies 
for a given quantum transition. Hence since the spectral lines in the 
case which we are to treat are rather broad compared with their absolute 
position in the frequency scale, it will be desirable to modify the original 
Einstein formulation. 

The possibility and nature of a new formulation which will allow for 
the absorption or emission of a continuous range of frequencies has 
already been indicated by Pauli!® and by Einstein and Ehrenfest,!! and 
it is believed that the following set of relations is in agreement with their 
point of view. In these new relations we shall use small letters bij, yi 


*° Pauli, Zeits. f. Physik 18, 272 (1923), 
“ Einstein and Ehrenfest, Zeits. f. Physik 19, 301 (1923). 
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and 0;; for the probabilities of absorption and emission, and shall regard 
these quantities as continuous variables which may change as we pass 
across a spectral line. For any given frequency v we shall then write for 
the rate of passage of molecules from the lower to the higher state 


Asc pieenes 
7 = (5N;)p,bi; (4) 


and for the passage in the opposite direction 


d(6N;) : 
ane = (6N;)a;;+(5N,)p,b; (S) 
where 
0 t ie 
5N;=——-6» and 6N;=——6 (6) 
Ov Ov 


are the numbers of molecules in the two quantum states which have 
exactly the right configuration to interact with radiation of frequency 
in the range vy tov-+év. Furthermore we shall also write the relations 
8rhv® Pp; pi 
ayn rs ——b;; and b;;=—-b;; (7) 
p 


a Yo 


7 
connecting the coefficients,—relations which are sufficient to guarantee 
agreement with the Planck radiation law. 

We shall further find it convenient to retain the original Einstein 
coefficients B;;, A;; and B;; by regarding them as average values for the 


spectral line under consideration in accordance with the equations of 
definition 


1 1 1 
Bua f bu8Ne Anas f andN, Bums f 6,80; (8) 


] 


5. Relation between the coefficient B;; and the absorption coefficient a,. 
We may now apply the foregoing considerations to the interpretation of 
an absorption experiment. Consider a beam of light of total intensity I 
in ergs cm~ sec—!, and let us define the intensity for a given frequency by 
the equation 


oil ay (9) 


Let the beam of light fall on a layer of absorbing medium having a cross 
section of one square centimeter and a thickness dx, and containing per 
cubic centimeter 5N; molecules in a conditions to absorb radiation in 
the frequency range v to v-+év and 6N; in a condition to emit this fre- 
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quency. Since the density of radiation corresponding to the intensity 
I, is obviously given by the equation 


py=1,/c (10) 


‘where c is the velocity of light, we may evidently write, in accordance 
with Eqs. (4) and (5), for the rates at which molecules in the layer of 
unit cross section and thickness dx are passing from one condition to 
the other by absorption and induced emission the expressions 


d Ts d ip 
= (oNidx) = (6Nidx)—b;; and 5, (aN ide) = (6Njdx) —b; (11) 
t C Cc 


For each molecular transition, however, one quantum of energy hy is 
either absorbed or returned to the beam, so that we easily obtain from 
Eqs. (11) an expression for the net rate at which energy in the frequency 
range vy to v-+éy is absorbed from the beam because of its passage through 
the layer, and can write 


4 


kd Te Be 
—d(I,év) = (6Nidx)— bijhv— (6Njdx)—b,ihv (12) 
C C 


By the rearrangement of (12) and introduction of the expression for );; 
given by (7) we obtain 
ih ga ke hvb;; (- ON; Pi ~) 


Leas C 


—-— (13) 
and this is evidently the ordinary absorption coefficient for light of fre- 
quency v which may be appropriately designated by the symbol a, giving 
us 


hvb;; ON; i éN; ‘ 
“( teas -) =a, (14) 
% Ov pb; ov 


If now we assume a condition of thermal equilibrium we may write in 
accordance with the Maxwell-Boltzmann distribution law 


5N,;=6N; Es iagid (15) 


3 


and by substitution and rearrangement obtain in accordance with the 
definition of B;; given by (8) 


oe bBN; FS a,dv (16) 
ae yy) ae: AN; J v(1—e-”/*7) 
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where the integration is to be taken across the effective width of the 
absorption line. This would seem to be an exact expression for B;; which 
is the average value of the coefficient 0;;, and is the quantity to be com- 
pared with that obtained from the correspondence principle. 

6. Calculation of B;; from Czerny’s results. In the far infra-red Czerny 
(loc. cit.°) has measured the absorption of hydrogen chloride gas corre- 
sponding to simple changes in the state of rotation of the electric dipole 
HtCl-. In particular he gives a plot of percentage transmission as a 
function of wave-length in the region of lines 8, 9, and 10 which corre- 
spond to changes in the rotational quantum number m of (74 to 84), (83 
to 94) and (93 to 103), and although he states that exact information as to 
the intensities of absorption and width of line cannot be taken from the 
plot owing to the relatively great width of his spectrometer slit, never- 
theless his results would seem to be approximately reliable. Furthermore, 
he states that the length of his absorption tube was 12 cm, while for the 
three lines in question he appears to have used hydrogen chloride gas at 
one atmosphere pressure and room temperature. We thus have for the 
three lines mentioned all the data necessary for substitution in Eq. (16): 

Since, even for these lines in the far infra-red, the effective width of 
the lines is not great compared with their absolute position in the fre- 
quency scale, we can rewrite Eq. (16) for our purposes in the approximate 
form 


C 
Bea. eS (17) 
4 ees | : 


where », is the frequency of the center of the line. 
The number of molecules JN; in different states of rotation correspond- 
ing to different rotational quantum numbers 


aly Dyes fit, OT 79) (18) 


can be calculated in accordance with the Maxwell-Boltzmann distribu- 
tion law from the equation” 
Npse-t* ie aia 
Do pier etl FT > 2ie~—Pe/ Bay kT 

i 


a 


N;= (19) 


and for high temperatures may introduce the approximation 


ya Vje— iD 2ht/ 8x2F kT — Me Qie-(i-D** = (1/0) [1 41/ro| (20) 


a 


12 See Tolman, Phys. Rev. 22, 470 (1923). 
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where WN the total number of molecules per cc at one atmosphere and 
20°C, can be taken as 2.52 X10!" and the term containing J, the moment 
of inertia of the molecule can be taken from Czerny’s own work which 
gives h/8n?J=10.397 c. The results for the three lines nos. 8, 9, and 10 
are given in column two of Table I. 

Values for the wave numbers p,/c corresponding to the centers of the 
lines were obtained by Czerny as given in column three, and values of 
the factor (1—e’””*”) have been calculated and are given in column 
four of Table I. 

Finally the values of the integral JS avdvy have been obtained from 
Czerny’s plot of percentage transmission I/I, as function of wave-length 
\ by replotting log J/J, against 1/d and with the help of a graphical inte- 
gration substituting into the equation 


yi : ai rye ish 
p= ne OF Faas —— 
x Fae nN 


where for x we use the length of the absorption tube 12 cm. The values 
obtained are given in column five of Table I. 

We now have all the quantities necessary for substitution into Eq. (17) 
and obtain for B;; the results given in the last column of Table I. 


TABLE I 
(c. g. Ss. units) 
Ho. of N; vo/C (1 —e7hv /kT) fa, dv Bi; 
ine 
8 0.9806 « 1018 165 .63 0.5553 3.318 * 101° 5.61 10% 
9 4.897 X10" 185.86 0.5970 0.425 «101° 6.811016 
10 22180 10" 206.38 0.6356 1.987 X10" 10.59 K 101 


Part II. THEORETICAL CALCULATIONS OF THE ABSORPTION COEFFICIENTS 

7. Application of the correspondence principle to a dipole rotator. We 
must now turn our attention to the theoretical estimation of the above 
absorption coefficients with the help of the correspondence principle, 
which postulates a relation between the rates at which energy is actually 
emitted by molecules in accordance with the quantum theory and the 
rates which would be calculated on the basis of the classical theory. 

Consider a system containing a number of dipole rotators all in the 
same quantized state of rotation S; corresponding to the rotational quan- 
tum number m;. It we treat the system as degenerate, i.e. not spatially 
quantized, the axes of rotation of these dipoles will be oriented in random 
directions, and the emission of radiation will result from a jump to a 
lower state of rotation S; corresponding to the rotational quantum 
number m;=m,;—1, the axis of rotation for any particular dipole retaining 
its direction in space. 
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On the basis of the quantum theory the average rate of emission of 
energy per rotator will evidently be 


( dR ) vi 
a tt ie 22 
Ries ld (22) 


where A ;; is Einstein’s coefficient of spontaneous emission. 
On the other hand, on the basis of the classical theory the rate of spon- 
taneous emission of energy by a dipole rotator would be 


dR 1674 
(=) oo COs (23) 


Cl 3c3 


where C is the electric moment of the dipole and w the frequency of 
revolution. 

The correspondence principle postulates now the existence of a relation 
between such pairs of expressions for the rates of energy emission, as 
given by the two theories. As already stated the exact formulation of 
this relation if it exists has not yet been discovered. It seems reasonable, 
however, to presume that the correct quantum theory rate of emission as 
given by Eq. (22) might be determined by some method of averaging the 
classical rates which in accordance with Eq. (23) would be calculated 
for the initial and final states of the rotator or perhaps for the mechani- 
cally possible intermediate states. This presumption can be symbolically 
expressed by the equation 


AR part oe petiort aN 
ie eee 8 


where we have introduced for convenience a new quantity Q which may 
be regarded as the electric moment of an idealized classical rotator 
having the frequency v and desired rate of energy emission A ;;hyv. 

8. Methods of averaging. The method of averaging, which has received 
the most study and in the hands of Kramers (loc. cit.1) has led to ex- 
cellent estimates of the relative intensities of lines, would either make 
the hypothetical electric moment Q merely the mean of the actual 
electric moments in the initial and final quantum states in accordance 
with the equation 


Cae 
Tag es) 


(K) 


or would make the square of Q the mean of the squares of C; and C; in 
accordance with the equation 


C7+C? 
ae wy 


O° (K) 
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Six methods of averaging over the mechanically possible intermediate 
states, one of which was proposed by Kramers, have also been studied 
by Hoyt (loc. cit.2) and by Tolman (loc. cit.‘) and are represented by the- 


following equations 
1 
g= f ca a ond 


a if dd (B) 


log o= fi togcan (C) 
5 
Oyt= afi ‘Cat dD (D) 
Ov= ff "Cat dd (E) 
log (Ov?) = uf log (Cw?)dd | (F) 


where J is an auxiliary variable which is related to the phase integral 
(I=f pdq) taken for intermediate states by the equation 


T=1,+\(;-J;) (25) 
Since for a rigid dipole the electric moment is a constant, four of the 


methods of averaging evidently lead to a simple equality of the hypo- 
thetical moment Q and the actual moment C, as shown in Table II. 


TABLE II 
Method of Average Value of Q? for transition (m+1) to m 
REAM DEG 0? =C? 
16 (m+1)'—m5 
D Sis ore 
5 (2m+1)! 
| 16 {(m+1)?—m}? 
Ie ienename eee 
9 (2m+1)* 
16 (m-+1)40m+) 
F tee 


& m'™(2m+1)4 


18 See Tolman, Joc. cit., footnote 4. The treatment given in this article was worded 
so as to apply to a rigid dipole rotator with whole quantum numbers. The results quoted, 
however, are the same for the case of whole and half quantum numbers. 
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The results for the other three methods of averaging in terms of the 
rotational quantum numbers m and m-+1 of the two states have pre- 
viously been published® and are also given in Table II. 

Substituting the values for m (7.5, 8.5 and 9.5), corresponding to the 
three lines under investigation, into the expression given by methods D, 
E, and F of averaging, we find that these methods also give within one 
percent the same value 

Ck Salas (26) 
and hence we shall use this in our following calculations. It is indeed 
fortunate that we have data to test so simple a case as that of a rigid 
dipole rotator, since it seems probable that for any reasonable method of 
averaging, expression (26) would give at least the right order of magnitude 
for Q?. 

9. Relation between B;; and Q?. To calculate the theoretical value of 
Einstein’s coefficient of absorption B;; from the value of Q? we have 
merely to combine Eqs. (3) and (24) in the text and obtain 


21 
By;=2X— —? (27) 


10. Numerical value of Q and theoretical values of B;;. The measure- 
ments by Zahn‘ of the dielectric constant of hydrogen chloride gas make 
it possible to calculate the electric moment of the dipole and this has 
been done by Pauling’ in accordance with the theory of half quantum 
numbers. He obtains the value 0.3316X10-© in C.G.S. electrostatic 
units. 

Taking this as the value of Q and substituting in Eq. (27) we obtain 
for B;; the values 10.9, 10.8, and 10.7 X 10" for the successive lines Nos. 8, 
Jana 10. 

11. Application of correspondence principle treating the system as 
non-degenerate. In the foregoing calculations, as noted above, we have 
treated the dipole rotators as degenerate systems, with their axes of 
rotation distributed in random directions. It has been suggested by 
Kemble,“ however, in considering rotation-oscillation spectra, that the 
correspondence principle ought to be applied to such systems by treating 
them as though they had been made non-degenerate by spatial quantiza- 
tion in a weak external (magnetic) field. 

Under these circumstances, the axes of rotation can only assume certain 
spatially quantized directions and we must use two quantum numbers 
to describe the state of the rotator, a rotational quantum number m 


144 Kemble, Phys. Rev. 25, 1 (1925). 


394 RICHARD C. TOLMAN AND RICHARD M. BADGER 


which is proportional to the total angular momentum of the rotator, 
and an equatorial quantum number r which is proportional to the com- 
ponent of the angular momentum parallel to the applied field, the angle 
between the axis of rotation and the external field being given by the 
equation cos 6=r/m. The possible absorption processes may then be 
correlated with a change in the rotational quantum number from m to 
m+41 and changes in the equatorial quantum number from 7 to r+1, 0. 
Furthermore each of these processes may be correlated with terms in 
the Fourier analysis for the motion of the rotator, and the frequency of 
occurrence of the different transitions estimated from the magnitude of 
the coefficients of the corresponding terms in the Fourier analysis. 

We have also made an estimation of the intensities of the three lines in 
question on this basis. The calculation is complicated by the fact that 
the Fourier coefficients corresponding to a given quantum transition now 
have in general different magnitudes in the initial and final state of the 
molecule, since they depend on the angle between the external field and 
the axis of rotation and in general this changes when the transition occurs. 
In order to overcome this difficulty, following the procedure of Kemble, 
we have determined the Fourier analysis for an intermediate motion, in 
which the angle between the external field and axis of rotation is given by 
the equation cos 6=7/m, where r and m are the respective means of the 
values of the quantum numbers 7 and m in the initial and final state. 
We have then used the Fourier coefficients of the proper terms in the 
analysis of this intermediate motion as the amplitudes of the idealized 
classical motions of frequency v which on the basis of the correspondence 
principle may be assumed to give the same rate of energy emission as 
the average rate given by the quantum transition in question. 

We do not reproduce the calculations here, since they are somewhat 
lengthy, and for the particular absorption lines under consideration lead 
nearly to the same results as our previous simpler calculations which 
treated the rotators as degenerate systems. The approximate agreement 
of these new results obtained by treating the rotators as non-degenerate 
is due to the fact that the theory of spatial quantization prescribes no 
less than sixteen values of the angle between field direction and precessing 
axis even for the molecules of lowest energy content involved in the pro- 
duction of lines Nos. 8, 9, and 10, and the changes in direction of the axis 
accompanying the permitted transitions are small. Hence the spatially 
quantized system of rotators behaves nearly the same as a degenerate 
system in which the axes of rotation are uniformly distributed in direction 
and there is no change in direction when a quantum transition takes 
place. For the first lines in the rotational spectrum the two methods of 
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treatment lead to quite different results. For this reason an experimental 
determination of the intensities of these lower lines would be interesting. 

12. Newer methods of treatment. In addition to the methods of applying 
the correspondence principle discussed above, there has recently been 
considerable investigation of the calculation of intensities by methods 
specially adapted to agree with the Burger Dorgelo “‘sum rule’’ for the 
intensities of the components of a multiplet line. These methods may be 
called with Fowler “refined applications” of the correspondence principle. 
In particular Professor J. H. Van Vleck has been good enough to call 
our attention by letter to an article by Reiche and Thomas” in which 
an expression has been obtained for the absolute intensity of the pure 
rotational lines for a dipole rotator. It is interesting to note that their 
expression (see page 521 l.c.) becomes identical with our equation (27) 
obtained from methods of averaging K, A, B, C, provided we modify 
their equation in such a way as to allow for the fact that the electric 
separation in the hydrogen chloride molecule is different from the inter- 
nuclear distance, and further substitute the same a-priori weights which 
we have employed. Hence we may regard our calculations as also agreeing 
with the work of Reiche and Thomas. 

It should also be noted that the new quantum mechanics of Born and 
Heisenberg is specially adapted for the calculation of intensities of lines, 
but we have not yet carried through a calculation along these lines. 
To do this, it would first be necessary to consider whether, by going over 
to the new basis, modifications might not have to be introduced into 
Pauling’s calculation of electric moment. 


Part III. COMPARISON OF EXPERIMENTAL AND THEORETICAL 
VALUES OF B;; 


13. Conclusion. We may now compare the experimental values of B;; 
calculated from Czerny’s absorption measurements with the theoretical 
values calculated from the correspondence principle, as given below in 
the last two columns of Table III. 


, TABLE III 
No. of line Transition B;;(exp.) B;;(theor.) 
8 Mir 1S tO 8.5 50. Lot phy Rel! paca (Gb 
9 m=S8 5tom= 9.5 G-a0c10 £1. Sei10" 
10 m=9-5tom = 10.5 10.6101 11.6 10% 


The agreement is not exact, and perhaps outside the experimental 
error of the two sets of measurements of Czerny and Zahn which were 
used in the calculations. Nevertheless when we consider the difficulties 


% Reiche and Thomas, Zeits. f. Physik, 34, 510 (1925). 


396 RICHARD C, TOLMAN AND RICHARD M. BADGER 


of both kinds of experimental work and the complexity of the three 
calculations by which the electric moment was obtained from the measure- 
ment of dielectric constant, and Einstein’s coefficient was calculated 
first from the absorption measurements and then from the correspondence 
principle, the results are certainly of a nature to increase our respect for 
the correspondence principle, which has now been subjected for the first 
time to this kind of absolute test, involving the absolute rather than the 
relative intensities of spectral lines. 

The most striking characteristic of the lack of agreement is the gradual 
rise in the experimental values of B;; as we go to higher quantum numbers 
approaching perhaps the nearly constant value predicted from the cor- 
respondence principle. This may indicate the necessity of a progressive 
modification of the correspondence principle as we go to lower quantum 
numbers, a possibility which finds some support from other directions. 
Speculations, however, as to the precisely correct manner of applying 
the correspondence principle can best be postponed until more certain 
experimental data are at hand. An attempt to obtain further data for 
this purpose is already under way in this laboratory. 


NORMAN BRIDGE LABORATORY OF PHYSICS, 
PASADENA, CALIFORNIA, 
January 19, 1926. 
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THE ARC SPECTRA OF IODINE, BROMINE, AND CHLORINE 
IN THE SCHUMANN REGION 


By Louis A. TURNER 


ABSTRACT 


The arc spectra of Cl, Br, and I have been investigated in the region 
between 2050 and 1230 A. U. Wave-length tables are given. 1396.5 and 
1633.6 A. U. are the wave-lengths of the lines of longest wave-length of Cl and 
Br, respectively, and correspond to the previously known 2062.1 line of I. 
Doublet differences of 881, 3685, 7600 wave number units are found between 
lines of Cl, Br, and I spectra respectively and are thought to be the separations 
of the two levels of normal doublet p states of the atoms. The probable 
resonance lines are of wave-lengths 1379.6, 1540.8 and 1782.9 A. U. corre- 
sponding to radiating potentials of 8.95, 8.01, and 6.92 volts, No band spectrum 
of HCl appeared in the region investigated although the excitation was prob- 
ably favorable for its production. 


EVERAL investigators!,”;3 have observed four very intense spectrum 

lines, emitted by mildly excited iodine vapor, in the region of the 
shortest wave-lengths which can be photographed with a quartz spectro- 
graph. Their great intensity and the conditions for their excitation’ 
suggested that these lines were probably arc lines arising from transitions 
between low energy levels of the atom, and that more strong lines which 
might show simple spectrum relationships would be found in the Schu- 
mann region. The study of this region of the spectrum was made possible 
by Professor T. Lyman who very kindly permitted me to use his vacuum 
spectrograph. 


APPARATUS AND METHODS 


The vacuum spectrograph has been fully described elsewhere. The 
grating was one of 1 meter focus with 15,000 lines to the inch, ruled by 
Professor R. W. Wood at Johns Hopkins University. Experience has 
shown it to give spectra nearly free from ghosts of the Lyman type. 
A fluorite plate was placed over the slit to prevent the halogen vapors 
from entering the body of the spectrograph, consequently the shortest 
wave-length which could be measured was about 1230 A.U. The grating 
was so set that the longest wave-length observed was 2050 A. U. The 


1 FE. B. Ludlam and W. West, Proc. Roy. Soc. Edinburgh 44 II, 185 (1923-24). 
2 C. Fiichtbauer and E. Holm, Phys. Zeits. 26, 345 (1925). 

3 R.S. Mulliken and L. A. Turner, Phys. Rev. 25, 886 (1925). 

4 T. Lyman, Astrophys. J. 50, 1 (1924). 
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spectra were photographed in the first order, the dispersion being 16.84 
A. U. per millimeter. 

The discharge tube had tungsten wire electrodes and an eee 
capillary tube placed close to the slit (Fig. 1). For nearly all of the 
exposures a continuous current of 10-15 milliamperes supplied by an 
arrangement of a transformer, kenetron rectifiers, and a large condenser, 
was used. This type of apparatus favors the production of spectra 
requiring only moderate excitation, as has been found in work with 
other elements. That such is the case was shown in these experiments 
with iodine by the great intensity of the band spectrum in the visible 
region as observed through the outer end of the discharge tube. Further- 
more, three of the lines previously known to be excited strongly by active 
nitrogen and in a carbon arc,’ were among the strongest of the lines 


Pump 


deKhotinany| 

‘lass cemen 

thimble y, 
a 


CTITZLL” 
fluorite 
plate 


Vea pee ; spectrograph 
oe yl odine 


AY 


Fig. 1. The discharge tube. 


obtained with the continuous current. Consequently, the spectra 
produced with this excitation have been designated as arc spectra. 
Different spectra were observed when an ordinary condensed spark 
discharge was used. 

Great difficulty was experienced with the frequent appearance, on the 
fluorite window, of thin films which were opaque to the light of short 
wave-lengths. The presence of a small amount of air or water vapor 
would cause the rapid appearance of such a film. The deKhotinsky 
cement, used to fasten the discharge tube to the spectrograph, was acted 
on by the halogen vapors and may have been a further source of im- 
purities which caused these films. The region of the tube surrounding 
the positive electrode quickly became coated with a dark deposit but 
no such deposit formed around the negative electrode. Accordingly the 
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electrode nearest the window was always made negative. It was found 
that the window would remain clean if the discharge tube were connected 
to the pump continuously through a liquid air trap. It was expected that 
these various impurities would give spectrum lines of their own but that 
such lines would be found in both the iodine and bromine spectra. 

The standards of measurement used were lines of the many-line 
spectrum of hydrogen measured by Lyman’ and the iodine line at 1876.40 
measured by R. S. Mulliken and the author.’ The wave-lengths of these 
hydrogen lines were originally estimated to be correct to within 0.3 A.U. 
but subsequent work has shown them to be considerably more accurate. 
The wave-lengths of the lines of the halogens should be accurate to 
ee BU. 


IODINE 


For obtaining the iodine spectra an appendix containing ordinary 
resublimed iodine was attached to one end of the discharge tube. It was 
kept in melting ice. The other end of the discharge tube was continuously 
connected to the pump through a liquid air trap. There was, therefore, 
a pressure gradient in the iodine vapor through the system, the maximum 
pressure being 0.03 mm. The flow of the iodine vapor tended to sweep 
out impurities. When the discharge tube was closed off from the liquid 
air trap the CO bands came out strongly and some of the strongest iodine 
lines were tremendously reduced in intensity. Others of the strong lines 
were apparently unaffected. The lines which show this reduction mark- 
edly are indicated in the list of lines of Table 1. This effect did not occur 
when the discharge was passed through a mixture of hydrogen and iodine. 
A few spectra were obtained with a different discharge tube having large 
external tinfoil electrodes, excited by the transformer alone. The spectra 
thus obtained were practically the same as those given by the continuous 
current discharge but of lower intensity. One exposure was obtained by 
passing a condensed spark discharge from a small transformer through 
the tube with the internal electrodes. In this exposure the fluorite window 
was quickly coated over but several strong new lines appeared on the 
plate. None of the most intense arc lines was present, however. The three 
lines marked with an asterisk in Table 1 were present in this spark 
exposure with moderate intensity, much less than that of several other 
new lines, however. No attempt was made to measure the wave-lengths 
of the spark lines because of the lack of a comparison spectrum for fixing 
the position of these lines with respect to the standards. Table 1 gives 


5 T. Lyman, Memoirs Am. Acad. Arts and Sci., XIII, III (1906). Also ‘‘The Spectro- 
scopy of the Extreme Ultraviolet.’ 
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TABLE I 


Iodine 
——————————— EE nnn TLE ara 


Intensity Wave-length Wave-number | Intensity Wave-length Wave-numbe 


10 +2062 .1 48494 5 1390.9 71897 
7 1876.4 53293 3 1383.4 72286 
9 1844.5 54216 0 1382.3 72342 

10 +1830.4 54632 3 1368 .3 73084 
7 1799.2 55581 2 130 far 73114 

00 1789.6 55879 0 1366.6 AS11S 
9 +1782 .9 56089 Bs) 1360fe2 73465 
8 10263 58744 3 1353555 73631 
1 1675.4 59690 6 135550 73775 
7 +1642.5 60885 00 1354.3 73841 
7 1641.1 60934 00 1352.4 73942 
it 1639.2 61005 1 1350.3 74055 
6 +1617.9 61809 tow 1349.0 74128 
6 1593 .8 62742 1 134543, 74420 
1 1582.8 63179 2 1340.9 74579 
1 1545.9 64685 0 133919 74631 
4 +1526.6 65505 6 133654 74810 
7 1313..3 65863 2 1330.4 75167 
9 1514.8 66014 3 (1317.7) 75893 
3 150725 66342 1 1314.1 76099 
5 1493.2 66971 0 1313.6 76124 
1 1486.1 67289 1 1303 2 Tiss 

00 1466.7 68179 2 *1300.6 76888 
5 1466.0 68210 0 1296.6 (laze 
6 1459.2 68528 1 1291.4 77437 
6 +1458 .2 68579 1 1289.6 77541 
4 1457.6 68606 2 *(1286.3) 77742 
4 1453.4 68806 0 1277.4 | 78281 
= 1446.5 69131 Z S12 7ont 78386 
0 1429.7 69947 2 (1259.4) 79400 
8 1425.7 70143 3 1234.2 81024 
1 1421.6 70345 
3 1400.2 71421 

00 1395.0 71685 
2 139353 71769 


t This line lies outside of the region here investigated but previous work shows it to 


belong to this group. Its intensity is therefore uncertain, but is certainly much greater 
than that of 1876.4 


++ Greatly reduced in intensity when the CO bands appear. 
( ) Coincide with lines obtained with bromine. 
* Possibly spark lines. 


the estimated photographic intensities, the wave-lengths, and the wave- 
numbers of the arc lines. 
cee 9 | 
BROMINE 


Pure Kahlbaum bromine was placed in a small bulb which was con- 
nected to the discharge tube through a very fine capillary tube. As before, 


the discharge tube was connected continuously to the pump through a 
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liquid air trap. The proper size of capillary to reduce the bromine pressure 
to the right amount was found by trial. The pressure was further adjusted 
by altering the temperature of the bulb and capillary so that a current 
of 10 milliamperes would flow through the tube when the conditions of 
excitation were the same as with the iodine. No attempt was made to 


TAruee [1 


Bromine 


Intensity Wave-length Wave-number| Intensity Wave-length Wave-number 


10 1633 .6 61214 0 1400.8 71387 
8 1582.4 63194 0 1397.5 71558 
6 ES70%0 63432 0 1394.5 71710 
a 10.0 63492 0 139103 71875 
6 1540.8 64902 8 1384.6 72224 
7 £55159 65277 1 [1379 .6] 72485 
8 1488 .6 67176 0 [1363 .5] 73341 
0 1484.0 67383 0 ep we 73981 
2 1477.1 67699 1 [1347.3] 74224 
0 1468 .2 68111 0 11£335:<6} 74869 
Be 1466.4 68192 6 Rist /).8) 75884 
+ 1463 .4 68336 5 1316.9 75937 
0 1459.9 68498 5 1310.0 76335 
1 1457.0 68633 1 (1286.4) 77735 
3 1449.9 68968 2 1279.7 78145 
0 1442 .3 69335 1 1266.3 78969 
0 1435.8 69646 1 1261.8 79253 
2 1423.0 70276 4 (1259.4) 79406 
2 1416.5 70597 
1 1411.5 70847 1 12795..9 79621 
1 1410.1 70915 + Wis hes: 79886 
0 1407.1 71070 0 1249.7 80017 
0 1405.1 71167 2 1244.0 80384 
0 1403 .6 71243 5 P752.5 81137 


() Coincide with lines obtained with iodine. 

{] Coincide with lines obtained with chlorine. 
measure the bromine pressure in the tube. If it were changed much either 
way the discharge would not pass. One spectrum was obtained with the 
condensed spark discharge. As with iodine, the strong lines of the spark 
spectrum were new ones. The strong arc lines appeared faintly. Table 2 
gives the intensities, wave-lengths, and wave-numbers for the arc lines. 


CHLORINE 


It was not convenient to prepare and handle pure chlorine gas so the 
chlorine spectrum was obtained by the use of compounds. One set of 
exposures was made to a continuous current discharge in hydrogen 
chloride gas. The hydrogen chloride was generated by warming a mixture 
of potassium acid sulphate and sodium chloride, and was dried by passing 
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it over phosphorous pentoxide. Its pressure was governed by the amount 
of warming and the adjustment of a stopcock. As with bromine the 
pressure was adjusted until it gave a discharge which behaved satis- 
factorily. The spectrum consisted of the many-line spectrum of hydrogen 
and seven strong lines. These same seven strong lines were the only 
prominent feature of a spectrum obtained from carbon tetrachloride 
which was used with a bulb and capillary in the same way as bromine. 
Consequently, the seven lines are ascribed to chlorine, the common 
element. Table 3 gives the data for these lines. Two of them agree within 
the limits of error with the two lines of wave-lengths 1351.6 and 1347.2 
A.U. found by Millikan,® along with many other lines, in the hot-spark 
spectrum of chlorine. 


TABLE III 
Chlorine 
Intensity Wave-length Wave-number 

3 96.5 16 

4 1389.9 71946 
5 (1379.6) 72484 
5 (136333) 73342 
3 (135 ta 73979 
5 (13472) 74225 
2 (1335.8) 74863 


( ) Coincide with lines obtained with bromine. 


It is of interest to note that there was no trace of a band spectrum which 
could be ascribed to the HCl molecule, although the excitation was 
probably most favorable for its production, if there is such a spectrum. 
Barker and Duffendack’ found no band spectrum of HCl between 6000 
and 2000 A.U. The present work places the lower limits at 1230 A.U. 
Apparently there is no electron transition in the HCI molecule of energy 
value between 2 and 10 volts. The non-existence of this band spectrum 
is in accord with Mulliken’s’ ideas concerning the instability of energized 
polar molecules. 


IMPURITIES 


It is not certain that all of the lines listed in the above tables actually 
belong to the elements to which they are ascribed because some of them 
may have been emitted by the impurities unavoidably present. Since the 
substances used were quite pure they must have resulted principally 
from contamination from the electrodes and the deKhotinsky cement. 
Any lines emitted by such impurities should appear in the spectra of all 
three elements.. Three of the less intense lines which are common to the 

6 R. A. Millikan, Phys. Rev. 23, 1 (1924). 


’E. F. Barker and O. S. Duffendack, Phys. Rev. 26, 339 (1925). 
§R.S. Mulliken, Phys. Rev. 26, 29 (1925). 
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iodine and bromine spectra may be of this sort. The exposures made with 
the chlorine compounds were shorter so that these lines might not have 
shown on the plate even if present. The longest exposures were made 
with iodine so it may be that some of the weakest lines in its spectrum are 
those of such impurities but that they are not found in the bromine 
spectra because the exposures were too short to bring them out. Carbon 
and oxygen are probable impurities but their principal arc lines are not 
present. Five of the strong chlorine lines appear faintly in the bromine 
spectrum with the same relative intensities, indicating that the bromine 
used contained a small amount of chlorine. It is impossible, of course, 
to eliminate lines produced by an impurity present with only one of the 
halogens. 


DISCUSSION 


The most striking characteristic of these spectra is the progression of 
the long wave-length limits of the spectra towards longer wave-lengths 
with increasing atomic number. The minimum possible values of the 
radiating potentials, corresponding to the lines of longest wave-length, 
are thus fixed at 8.9, 7.6, and 6.0 volts for chlorine, bromine, and iodine, 
respectively. There are no indications of the convergence of iodine lines 
to a limit near 1400 A.U., the value corresponding to Smyth and Comp- 
ton’s® determination of the ionization potential of atomic iodine. 

It was established by Paschen that the lines of the neon spectrum 
converge to two limits differing by 782 wave number units and Grotrian!” 
showed the identity of these limits with the L x-ray absorption limits of 
the relativity doublet. Apparently the Net ion can exist in two different 
states differing in energy by an amount corresponding to the 782 wave 
number units. One would expect the neutral fluorine atom, having the 
same electron structure, to exist in two such states. The same should 
apply to the other halogen atoms which all presumably have similar 
outer structures. This is in accord with Pauli’s!! conclusion that the 
normal state of an atom lacking one electron from a completed group 
has the same multiplicity and inner quantum numbers as an atom having 
one extra electron of the same azimuthal quantum number. The normal 
state of these atoms should thus be a doublet state. If it is double (or, 
to put it another way, if there is an excited state close to the normal one) 
the energy difference between the two states should show itself as a 
frequently recurring doublet difference between lines of these spectra. 

*H. D. Smyth and K. T. Compton, Phys. Rev. 16, 501 (1920). 


10 W. Grotrian, Zeits. fiir Physik, 8, 116 (1921). 
1 W. Pauli, Zeits. fiir Physik 31, 765 (1925). 
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Each pair of lines corresponding to transitions from a given initial level 


to these two final levels should have this doublet difference. 


The following differences, which are equal within the limits of hie 
experimental error, are found between the wave numbers of the iodine 


lines. The estimated intensities are given in parentheses. 


(9) 
(7) 
(6) 
(1) 
(3) 
(6) 
(4) 
(3) 
(5) 
(00) 
(2) 
(0) 


56089 — (10) 
60885 — (7) 
61809 — (9) 
63179 — (8) 
66342 — (8) 
68528 —(7) 
70345 — (6) 
72286 — (1) 
73465 —(7) 
73942 — (3) 
74579 — (5) 
76124 — (6) 


48494 = 7595 
53293 = 7592 
54216 = 7593 
55881 = 7596 
58744 = 7598 
60934 = 7594 
62742 = 7603 
64685 = 7601 
65863 = 7602 
66342 = 7600 
66971 = 7608 
68528 = 7596 


The fact that two of the lines appear twice indicates that some of these 


differences are the same purely by chance. 


On the other hand, the in- 


clusion of so many of the strong lines is a point in favor of the reality and 
significance of this difference. Other recurring differences have been found 
but no other which groups as many lines or includes nearly as many of 
the strong lines of the spectrum. 


Two such differences are found with the bromine lines. 


numbers are as follows. 
(9) 
(10) 
(0) 
(1) 
(0) 
(1) 
(6) 
(8) 
(3) 
(0) 
(0) 
(1) 
(1) 


63492 — (10) 
67176—(6) 
69646 — (0) 
70915 —(1) 
71243 —(2) 
80017 — (2) 


64902 — (10) 
67176—(9) 
68968 — (7) 
113873) 
71875 —(0) 
79621 —(5) 
80017 — (5) 


61214=2278 
64902 = 2274 
67383 =2273 
68633 = 2282 
68968 = 2275 
77735 = 2282 


61214 = 3688 
63492 = 3684 
65277 = 3691 
67699 = 3688 
68192 = 3682 
75937 = 3684 
76335 = 3682 


The wave 


The second Aereeae of 3685 units is more probably the significant one 
because it includes more of the strong lines. 
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Six of the chlorine lines can be grouped into three pairs as follows. 
(5) 72484—(3) 71607= 877 
(5) 74225—(5) 73342= 883 
(2) 74863—(3) 73979= 884 


More accurate wave-length determinations must be had before a final 
decision can be made as to the reality of these recurring differences. 
Nevertheless, it seems highly improbable that the results with iodine and 
chlorine, at least, can be a matter of chance. If these three differences of 
881, 3685, and 7600 units are the differences between the energies of the 
two lowest states of the respective atoms the resonance lines are those of 
wave-lengths 1379.6, 1540.8 and 1782.9 A.U. and the radiating potentials 
8.95, 8.01, and 6.92 volts for chlorine, bromine and iodine, respectively. 
The reasons for believing the resonance line of iodine to be other than the 
2062.1 line have been discussed elsewhere.” The 2062.1 and 1782.9 lines 
are the pair of longest wave-length which have the doublet difference. 

In a recent paper Dymond™ has shown that experiments on the fluo- 
rescence of molecular iodine indicate that the iodine atom has an ex- 
cited state 1.1 volts above the normal state. The frequency difference 
of 7600 wave number units found here corresponds to an energy of 0.94 
volts. It agrees very well with a value of 0.9 volt calculated by Franck 
by extrapolation from the neon frequency difference, to which Dymond 
briefly refers. Dymond’s value is in error by the same amount as the 
value for the heat of dissociation of molecular iodine of 1.4 volts, which 
he uses. The discrepancy may be due to an error in this quantity, which 
is a difficult one to determine accurately, although it seems rather large 
to be accounted for in this way. 

Hopfield'* has shown that the normal level of the oxygen atom and of 
the sulfur atom is triple and Pauli!! has given theoretical reasons for 
expecting it to be quintuple. We should expect a halogen ion of similar 
electron structure to have that same multiplicity. If so, the arc spectra 
of these elements must have lines converging to either three or five 
different limits (just as the neon spectrum converges to two limits). The 
great complexity of these spectra is thus quite easily understandable. 

It might also be noted that if the normal state of the halogen atom is 
double one would expect to find two electron affinity spectra for each 
element, with the doublet difference between them. The one of shorter 
wave-length would appear only under conditions where a considerable 


22 Louis A. Turner and K. T. Compton, Phys. Rev. 25, 791 (1925). 
18 E, G. Dymond, Zeits. fiir Physik 34, 553 (1925). 
14 J, J. Hopfield, Phys. Rev. 21, 710 (1923); Nature 112, 437 (1923). 
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fraction of the atoms was in the higher of the two low states. So far as 
I am aware, such a doubling has never been noted in connection with the 
spectra ascribed to the electron affinity process. 

I am greatly indebted to Professor Lyman for allowing me to use his 
spectrograph, and to his laboratory assistant, Mr. H. W. Leighton, for 
great help in performing the experiments. I also wish to thank Professor 
Lyman and Professor F. A. Saunders for their interest in this work and 
their helpful suggestions. 

This work was done at the end of my year as National Research Fellow 
at Harvard University. I wish to take this opportunity to express my 
indebtedness to the National Research Council for making this year 
possible, and to thank all the members of the Physics Department of 
Harvard University for their courtesy and helpfulness which made it most 
profitable and pleasant. 


PALMER PHYSICAL LABORATORY, 
PRINCETON UNIVERSITY. 
December 12, 1925. 


Note added with proof April 6, 1926: 

These pi— p2 differences of 881, 3685, and 7600 wave number units, 
expressed in volts, are 0.11, 0.45, and 0.94 volts. They are in good agree- 
ment with the values 0.1, 0.5, and 0.9 predicted by Franck, by extra- 
polation from the Ne* doublet difference. They also agree fairly well with 
the values calculated by Franck," and by Wolf,!® from the wave-lengths 
of the edges of the continuous absorption regions and heats of dissocia- 
tion of the halogen molecules. Granting the correctness of the theoretical 
explanation of these continuous bands given by Dymond, Franck, and 
Wolf, accurate determinations of their wave-lengths combined with 
these doublet differences will give the most accurate values for the heats 
of dissociation of these molecules. The heat of dissociation of the iodine 
molecule so determined from Dymond’s measurement of the edge of the 
band is 2.47 —0.94=1.53 volts, or 35.3 kg cal. per gram mol. 


6 J. Franck. Address given before the Faraday Society. To appear in the Trans- 
actions of that society. 


16K. L. Wolf, Zeits. f. Physik 35, 490 (1926). 
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THEORY OF CURRENT TRANSFERENCE AT THE 
CATHODE OR AN ARC 


By J. SLEPIAN 


ABSTRACT 


The relatively low temperature of the cathode in the case of such metals 
as copper and mercury, suggests that thermionic emission from the cathode is 
not essential and that some other factor may be more important in determining 
the current carried to the cathode in such cases. It appears that if the gas next 
to the cathode is sufficiently hot, thermal ionization in accordance with Saha’s 
equation may account for much of the current to the cathode. Calculation 
shows that an upper limit for the required temperature is somewhat in excess 


of 4000°K for Ca, and 6000°K for Cu. 


INTRODUCTION 


LTHOUGH it is generally accepted that a cathode hot enough for 
thermionic emission is a necessary condition for the existence of an 
arc, a number of observations have been made which cast serious doubt 
upon the universal necessity of this condition. By an arc, is here meant a 
self-maintaining discharge with a drop at the cathode very considerably 
less than the normal cathode drop for the particular cathode material and 
adjoining gas in question. Thus H. Stolt! found that by sufficiently rapid 
motion of an arc over its cathode, the cathode would give no evidence 
of having been subjected to a very high temperature, and the author’ 
has shown that transition from a glow discharge to an arc may take place 
while the cathode is still cold. 

The case for the necessity of a thermionically active cathode has been 
very ably presented in a notable paper by K. T. Compton? who concludes 
that the greater part of the current carried at the cathode is by electrons 
emitted thermionically. However, the most convincing examples which 
Compton gives are the carbon and tungsten arc, in which because of the 
refractory properties of the materials, the cathodes may reach such high 
temperatures that their thermionic emission is sufficient to account for 
most of the current. For more volatile materials, such as mercury or 
copper, the thermionic theory meets a very serious difficulty in that it 
calls for a cathode temperature far in excess of the boiling point of the 
cathode material, whereas Hagenbach and Langbein,* in the case of 

1 Stolt, Zeits. f. Physik 26, 95 (1924). 

2 Slepian, Jour. of Franklin Inst. (Jan. 1926). 


3 K. T. Compton, Phys. Rev. 21, 266 (1923). 
4 Hagenbach and Langbein, Arch. Gen. 461, 329 (1918). 
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copper, iron, and nickel find by optical methods that the temperatures 
of the cathodes are actually very near their boiling points. 


THERMAL IONIZATION IN AN ARC, AND THEORY OF CATHODE 


In the paper by K. T. Compton referred to above, the theory is very 

convincingly presented that in the positive column of an arc, the ioniza- 
tion is maintained principally by the high temperature existing there. 
Using Saha’s equation Compton calculates the degree of ionization to 
be expected at 4000°K, and finds it sufficient to account for the observed 
conductivity in the positive column of the arc. 
_ It appears now that this theory of thermal ionization in the arc may 
be used also to explain the passage of current to the cathode, so that it is 
no longer necessary for the cathode to have a large electron emission or 
to be heated to a higher temperature than its boiling point. In fact, the 
thermal ionization in the gas, with reasonable assumptions as to tem- 
perature, is such that the arc current may be carried to the cathode by 
thermally generated positive ions. 


QUANTITATIVE TEST OF THEORY OF CATHODE 


To be sound, this theory of the cathode must meet certain quantitative 
tests. First, the observed cathode drop must be sufficient to carry the 
necessary current density of positive ions to the cathode. Second, the 
product of cathode drop and current density must more than make up 
for the heat lost from the hot gas to the relatively cold cathode. 

Langmuir® has shown that when a plane electrode in contact with an 
ionized gas is given a sufficiently negative potential to repel all electrons, 
the current density flowing to the electrode and carried entirely by 
positive ions will be independent of the potential and equal to the 
random positive ion current density in the gas. This random current 
density, I, is defined as the current corresponding to the number of 
positive ions per second which pass in one direction through a square 
centimeter of an imaginary plane in the body of the gas. According to 
Langmuir, 

T=inve | (1) 


where m is the number of positive ions per cm’, v is the average trans- 
lational velocity of the thermal agitation of the ions, and ¢ is the electronic 
charge. 

The theory of the cathode here being developed, then, clearly requires 
that I given by (1) shall also be the current density at the cathode. 


* Saha, Phil. Mag. 40, 472 (1920). 
® Langmuir, G. E. Rev. 27, 449 (1924). 
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If 2; is number of molecules per cm’ in a gas at temperature 7, then 
n=n, + x/(1+x) (2) 


where x is the fraction of molecules thermally ionized and is given by 
Saha’s equation for atmospheric pressure, 
ie 5050 V; 


lo ~=— -+2.5 log T—6.69 3 
2 (ae z g (3) 


V; being the ionizing potential of the gas in volts. 
For the velocity of agitation v of the ions, we have 


Ue es, (4) 


M being the molecular weight of the ion, V the number of molecules in 
a gram molecule of substance, and k Boltzman’s constant. Also 


Ny=No: OM SY Ah 


(5) 


where 7» is the number of molecules per cm? of a gas at 273°K. Sub- 
stituting (2), (4) and (5) in (1), we obtain 


273 x Nk 
T==— me ee 
4 1-+« MT 


(6) 


For calcium we have M=40, V,;=6.01, and for copper M=63.5 and 
Vi=7.69. Substituting these values in (3) and (6), and taking m)=2.70 
«10, e=4.77 X10-", N=6.06 & 1023, k= 1.37 X10" the curves of Fig. 1 
have been calculated. 

Now the current density at the cathode of an arc is of the order of 
100 amperes per cm? at atmospheric pressure. Examining Fig. 1, we see 
that for calcium and copper the temperatures of the vapors need to be 
from 4000° to 5000°, and 6000° to 7000° respectively for the positive ion 
density to be sufficient to carry the current to the cathode. 

These temperatures are rather higher than those determined ex- 
perimentally, but two considerations will serve to make these figures 
acceptable. First of all, this high temperature needs to exist only in a 
thin layer of gas next to the cathode and will therefore be very difficult 
to detect experimentally. Secondly, Saha’s equation, which is the basis 
of this calculation, was derived on the supposition of thermodynamic 
equilibrium. But an ionized gas in an electric field is not in thermo- 
dynamic equilibrium, since the electrons take energy from the electric 
field and maintain themselves with a greater energy of agitation than that 
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of the neutral molecules. Thus Langmuir’ finds that in a mercury arc the 
electrons have a temperature of over 10,000°K in a gas of less than 400°K. 
For a gas in an intense electric field therefore, the temperature (of the 
neutral molecules) necessary for a given degree of ionization will be much 
less than that called for by Saha’s equation. . 


con neo) Heat 


1000 2000 3000 ‘4000 5000 6000 7000 8000 
Degrees K 


Fig. 1. Calculated variation of the temperature of the thermally ionized vapor with 
current density. 


The electrode receiving the current of positive ions, as Langmuir has — 
shown, is separated from the main body of ionized gas by a sheath con- 
taining only positive ions and neutral molecules, the electrons being 
repelled out of this sheath by the electric field. The thickness of this 
sheath varies with the applied potential, the applied potential being 
balanced by the space charge in the sheath. Langmuir gives the equation 


‘ 2.336X10-§ 14 os (14 ona4/—-) 7) 
a EP Per Er roe eee wUz Saar ae 
NANEEGTE ty oe V 


where V is the applied potential in volts, x the sheath thickness in cm, 
I the current density in amperes/cm?, M the molecular weight of the 
ions, and T the absolute temperature. 


7 Langmuir, G. E. Rev. 27, 544 (1924). 
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If we take J=100, V=15, approximately the cathode drop for copper, 
M=63.5, and T=6000°, we find for the sheath thickness, 


ee 1K 10FF cm: (8) 


Within this sheath it is not necessary for the gas to be thermally ionized, 
but at the edge of the sheath the random positive ion current must have 
the full value of 100 amperes per cm?. The vapor then must have a 
temperature of 6000° within 7.7 x 10-4 cm from the cathode. 

Since this separation from the cathode of 7.7 10~* cm is comparable 
with the mean free path in the gas at 6000°, the rate of heat flow across 
the space into the cathode can not be calculated from the thermal con- 
ductivity of, the vapor in bulk, but an upper limit to this heat flow may 
be determined from the kinetic theory. If we assume that all the mole- 
cules which enter the positive ion sheath reach the cathode and there give 
up all the energy which they have in excess of that corresponding to the 
cathode temperature, the heat thus calculated as given up to the cathode 
will be in error by being too large, inasmuch as collisions with molecules 
of gas in the positive ion sheath, and partially elastic collisions with the 
cathode are not allowed for. Letting 2; be the number of molecules per 
cm’ at temperature T at the edge of the sheath remote from the cathode, 
the number of molecules which reach the cathode per second will be 
approximately 


Ng = tN} (9) 


v, being the mean translational velocity of the molecules, and since each 
molecule gives up the energy 3/2k(T—T 0), J» being the temperature of 
the cathode, we have as an upper limit for the heat lost to the cathode 
per second, 


W = 23 0,k(T—T>) (10) 


Letting 2,:=7.38X10%, v,=1.14X10°T % (copper), k=1.37X10-%, T 
= 6000°, T7>=2580° (boiling point of copper) we have in watts 


W =1770 watts (11) 


If the cathode drop is 15 volts and the current density is 100 amperes 
per cm?, the electrical input is 1500 watts. A large part, very likely the 
larger part, of this electrical input is communicated by bombarding 
positive ions directly to the cathode as heat, but not all of it, inasmuch 
as many of these positive ions will be reflected with a large part of their 
oncoming velocity, and many will collide with gas molecules in the space 
of 7.7X10-4 cm of Eq. (8). Now remembering that (11) is much too high 
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for reasons given, we see that the electrical input is quite sufficient to make 
up for the heat lost to the cathode. 


CONCLUSION AND SUMMARY 


The theory of thermal ionization in the electric arc, as advanced by 
Compton to explain the conductivity in the positive column, can also 
account for the passage of current to the cathode without requiring 
thermionic emission from the cathode. Calculations made for the copper 
arc, using equations of Langmuir and Saha, show that with a reasonable 
assumption of temperature of the vapor, the ionization is sufficient for 
the positive ions to carry the whole current to the cathode. The heat 
lost to the cathode by the hot vapor is of such an order that it can be 
made up for by the electrical input at the cathode. 

A hot cathode is therefore not necessary for an arc. High temperature 
appears to be essential, but it may be in the gas immediately adjacent 
to the cathode, and need not be in the cathode itself. 


RESEARCH LABORATORY, 
WESTINGHOUSE ELEc. & MFe. Co., 
East PITTSBURGH, PENN. 
December 2, 1925. 
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SECONDARY ELECTRONS FROM IRON 


By H. E. FARNSWORTH 


ABSTRACT 


Secondary electron emission from iron as a function of energy of primary 
electrons, 0 to 300 volts.—Curves showing ratio of secondary to primary 
electron current as a function of primary velocity were obtained with three 
forms of apparatus. Two have been previously described. The limiting curves 
obtained after red-heat treatment of samples of electrolytic Fe having very 
large crystals, and of chemically pure Fe obtained from Kahlbaum were 
similar to those obtained for a film of Fe deposited by evaporation. The curves 
all have sharp maxima at 1.2 and 7.0 volts with minima at 3.7 and 12.0 volts, 
and a less prominent maximum and minimum at 10.0 and 9.0 volts, respec- 
tively. Of several metals tried, Fe is the only one, in addition to Cu, for which 
such sharp maxima and minima have been obtained. Potentials corresponding 
to positions of the maxima are interpreted as critical potentials. A steady up- 

_ ward trend of the curve begins at 12.0 volts, which is interpreted as being due 
to ionized electrons. Slight changes in slope of the curve at higher potentials 
were observed but these varied with conditions, and hence are taken to have 
no real significance. 

Evidence of structure of evaporated Fe film.—While previous results for 
Cu indicate that a layer deposited by evaporation is amorphous, the present 
results indicate that a similarly formed layer of Fe is crystalline. 


I. INTRODUCTION 


STUDY of secondary electrons produced when various metals, 

namely Ni, Cu, Ag, W, Pt, Pd, Mg, and Al, are bombarded by 
electrons varying in velocity from 0 to 250 volts has previously been 
described.’2 The study consisted first, in obtaining the number of 
secondary electrons as a function (1) of the primary velocity, (2) of the 
previous heat treatment of the metal, and (3), in the case of Cu, of the 
surface structure of the metal; second, in obtaining the velocity distribu- 
tion of the secondary electrons for any given primary velocity. 

In the case of all the metals investigated, a marked change in the 
magnitude of the secondary electron current, as well as in the shape of 
the secondary electron curve (curve showing secondary current as a 
function of primary velocity), was produced by heating the metals at 
red heat. The secondary current decreased with heat treatment for 
all metals tried, except Al and Mg for which it increased. A limiting 
curve for each metal was obtained after heating at red heat for some 
minutes. The changes in shapes of the secondary electron curves con- 


1H. E. Farnsworth, Phys. Rev. 20, 358 (1922). 
2H. E. Farnsworth, Phys. Rev. 25, 41 (1925). 


413 


414 H. E. FARNSWORTH 


sisted in the appearance of various breaks in the region of low velocities, 
0 to 30 volts, but for no metal were these changes found to be so notice- 
able as they were for Cu. For this metal, four distinct maxima and four 
minima appeared in the region 0 to 30 volts, subsequent to red-heat 
treatment of the target. Further experiments on Cu showed that heat 
treatment produces two separate results: (1) outgassing of the metal, 
the rate of which varies with temperature, (2) removal of an amorphous 
surface layer, thus exposing the crystalline structure beneath, or the 
transformation of this amorphous layer into crystalline form. The second 
result occurred at a very critical temperature (dull red heat) in less 
than one minute. This change was detected by the sudden appearance 
of the several maxima and minima in the secondary electron curve, 
while previous heating at a slightly lower temperature for some time was 
only effective in lowering the curve without changing its shape—a result 
of outgassing. | 

Since the other metals were studied previous to the above observation, 
the above two effects were not separated, although they undoubtedly 
exist. No direct reason could be found as to why Cu is the only one of the 
investigated metals upon which heat-treatment produced such a marked 
effect, except that visible surface crystals of Cu are the most easily 
produced. Hence, it might be expected that other substances upon which 
prominent surface crystals are formed would show effects similar to Cu. 
To investigate this point the secondary electrons from Fe were studied. 
Fe was chosen because some very crystalline electrolytic Fe was available 
from Professor Terry. 

The existence of several critical potentials, in the region 0 to 200 volts, 
at which the secondary electron current from Fe suddenly increases has 
been reported by Stuhlman.? These have been attributed to the photo- 
electric action of soft x-rays that are caused by electronic bombardment 
of the metal surface. More recently Petry* has obtained many slight 
changes in slope of the secondary electron curves for Fe, Ni, and Mo in 
the region zero to several hundred volts which, in the case of the higher 
potentials, do not appear to be due to the above cause. In the present 
experiments on Fe, special effort was made to obtain evidence of the 
existence of such critical potentials by taking observations at smaller 
voltage intervals than previously in the higher velocity region. 

As reported in a previous article,2 attempts were made to obtain 
velocity distribution curves of secondary electrons from Cu which would 
indicate the existence of inelastic collisions at critical voltages corre- 


’ Stuhlman, Science 56, 344 (1922); Phys. Rev. 25, 234 (1925). 
4 Petry, Phys. Rev. 26, 346 (1925). 
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sponding to the position of the maxima in the secondary electron curves. 
Although some indication of such inelastic collisions was found, the 
results were not entirely satisfactory, so further investigation is de- 
scribed in the present paper. 


Il. APPARATUS AND PROCEDURE 


As formerly described, two different forms of apparatus were used for 
study of Cu. The first, which was suitable for measuring only the ratio 
of the secondary to the primary current as a function of the primary 
velocity, consisted of a series of insulated molybdenum cylinders and 
diaphrams. The target to be studied was alternately interposed and 
withdrawn in front of a Faraday cylinder (Fig. 2, loc. cit.2). The second, 
which was designed for the purpose of obtaining an accurate measure of 
the velocity distribution of secondary electrons for'any given primary 
velocity, consisted essentially of a conducting sphere at whose center 
the small target to be studied could be placed (Fig. 3, loc. cit.2). A 
nearly radial retarding field for secondary electrons could be applied be- 
tween sphere and target so as to effect an accurate measure of the velo- 
city distribution of secondary electrons. Although this apparatus was 
intended only for observations on velocity distribution of secondary 
electrons, it was found that results on the ratio of secondary to pri- 
mary current for Cu agreed with those of a previously used apparatus, 
~ so that this apparatus was used to extend the investigation to Fe. As 
previously mentioned, it was necessary to keep the potential of the 
cylinder C (Fig. 3 loc. cit.?), which limits the primary beam, about 3 volts 
positive with respect to the sphere in order to keep the primary beam 
from spreading before reaching the target. While studying an Fe target 
it was found impossible to give C a potential for low primary velocities, 
which would prevent spreading of the primary beam. From the nature 
of the measurements, a spreading of the primary beam, so that some of 
it misses the target and strikes the sphere, results in an effective increase 
in the secondary current which cannot be separated from the true second- 
ary current. Hence, the curve obtained was much higher than the correct 
one in the region of low velocities, the height varying with the potential 
of C. This effect was negligible for primary velocities higher than about 10 
volts. In order to obtain the correct curve in the region below 10 volts, 
the apparatus shown in Fig. 2 (loc. cit.2) was used. By means of this 
apparatus the effect of scattering could be eliminated. It was at first 
thought that this scattering was due to the magnetic property of the 
iron target, but investigation indicated that it was independent of the 
position of the target and occurred very near the opening in the sphere 
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where the primary electrons enter, and that all of those electrons which 
are scattered suffer a very great change in direction, there being no elec- 
trons which are scattered through only a few degrees. These scattered 
electrons are probably the ones which pass close to the edges of the 
diaphram. | 

Since this scattering would change with the retarding potential of the 
sphere, it is obvious that it would seriously affect the results on velocity 
distribution of secondary electrons. In an attempt to eliminate this 
difficulty, the apparatus was modified as shown in Fig. 1 of the present 
paper. It is the same as that described on p. 46-47 of the above reference,’ 
except for the addition of a Faraday cylinder E surrounded by a co-axial 
cylindrical metallic shield G, both constructed of copper. The position 
of the cylinders is as shown, with the forward ends at the center of the 


Fine platinum gauze 


Metal disk 


aS 


Platinum lead 


Fig. 1. Apparatus. 


sphere. The shield was held in place and also insulated from the Faraday 
cylinder by three quartz rods of 1 mm diameter and 7 cm length. The 
rods were placed symmetrically and parallel to the axes of the cylinders 
and were held in place by small projections on the inner cylinder. The 
difference in diameters of the cylinders was just sufficient to insure a 
snug fit after inserting the quartz rods. The Faraday cylinder was 
fastened to and held in position by two glass rods (not shown in Fig. 1) 
upon which the target-mounting slid, so that the target could be moved 
along the axis of the cylinders, the plane of the target being perpendicular 
to the axis. Circular openings in the ends of the cylinders were just 
large enough to permit the free passage of the target. The target could 
thus be placed in the forward position, flush with the end of the cylindrical 
shield, or withdrawn (by means of a magnetic control) into the side-tube 
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where it could be heated at red heat by high-frequency induction. The 
Faraday cylinder and target were kept connected at all times. The 
presence of the shield prevented any electrons from reaching the Faraday 
cylinder by multiple reflection from the sphere or by scattering. 

The procedure was then to measure (1) the current to the target when 
in the forward position, (2) the total or primary current to the Faraday 
cylinder and target with the latter at the back end of the cylinder, this 
being a measure of the total current striking the target since no electrons 
could escape from the cylinder.® Subtracting the first current from the 
second then gives the secondary current. The ratio of this secondary 
current to the primary current, as a function of the retarding potential 
on the sphere, should then give a measure of the velocity distribution of 
secondary electrons for any given primary velocity. The secondary 
electron curve can also be obtained by taking the ratio of secondary to 
primary current as a function of primary velocity, the potential of the 
sphere being constant and equal to that of the target. This procedure 
differs from that used with apparatus shown in Fig. 3 of above reference,’ 
in the method of measuring the total current. Any scattering of the 
primary electrons on entering the sphere S will not influence the measure- 
ment of the ratio of secondary to primary current provided that this 
scattering remains the same for these two observations at any particular 
primary velocity. Thus the results should not be affected by this change 
even if the scattering changes with the primary velocity or with the 
potential of the sphere. 

Conditions previously described regarding vacuum were obtained in 
the present experiments. In addition a charcoal tube was attached to 
the present apparatus and immersed in liquid air. This, however, did not 
change the results. Helmholtz coils were used to compensate the earth’s 
magnetic field. 7 


LITSRESULTS 


A. Results on ratio of secondary to primary current, as a func- 
tion of primary velocity, for Fe are shown in Fig. 2. Curve 1 is the 
limiting curve for an Fe target obtained after red-heat treatment. 
The form of the curve in the lower region, below about 13 volts, was 
found to be the same for two specimens of Fe—a very crystalline elec- 
trolytic Fe and a chemically pure Fe obtaiued from Kahlbaum—after 
red-heat treatment. It was also obtained with three different forms of 
apparatus: that shown in Fig. 1 of the present paper, and those of 


5 Measurements of current to the cylinder and target for various positions of the 
target showed that the cylinder was longer than necessary to be completely absorbing. 
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Figs. 2 and 3 of above reference.?, The agreement was in all cases very 
close except in the one referred to above which was affected by sas ee 
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Fig. 2. Secondary electron curves. 1 is for Fe after red-heat treatment. 2 is fora 
film of Fe deposited by evaporation. 1a and 2a are extensions of 1 and 2, respectively, 
from 100 to 200 volts and are plotted to the upper scale of ordinates. 1b and 2b are 
extensions of la and 2a, respectively, from 200 to 300 volts. The inset is a magnified 
portion of curves 1 and 2. 


It is seen that there are sharp maxima at 1.2 and 7.0 volts with minima 
at 3.7 and 12.0 volts and a less prominent maximum and minimum at 
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10.0 and 9.0 volts,® respectively, with a steady upward trend beginning 
at 12 volts. In the region above about 13 volts there are several slight 
changes in slope noticeable. Although the general trend of the curve in 
this region was similar in all of the above mentioned cases, the positions 
of the slight changes in slope were found to vary with uncontrollable 
conditions as well as with the form of apparatus and the particular 
target used. It may be mentioned, however, that of the curves obtained, 
it is possible to select a large number which agree fairly well with curve:1 
in the positions of these slight changes in slope but this procedure has no 
justification. The disagreement in the position of these slight breaks 
does not appear to be due to errors in observation since it was possible to 
accurately repeat a set of observations within a short time after they 
were taken. 

The effect of outgassing was to decrease the secondary current as in 
the case of most of the other metals previously investigated. The curve 
obtained subsequent to baking at 400°C but previous to red-heat treat- 
ment was a smooth curve without maxima and minima and higher than 
curve 1. 

Curve 2 is for a film of Fe deposited by evaporation and is seen to be 
lower than curve 1 but agrees with it in the position of the maxima and 
minima. 

Correction has been made in these curves for contact potential between 
source and target and for change in potential of target due to heating, as 
described in a previous paper (loc. cit.?). 

B. Velocity distribution of secondary electrons from Fe. Although the 
apparatus shown in Fig. 1 was designed to give a more accurate measure 
of velocity distribution than that previously obtained, an unanticipated 
difficulty was encountered when attempting to effect these measurements. 
The number of electrons entering the Faraday cylinder, with the target 
withdrawn to the far end, was found to be equal to the number which 
struck the target when in the forward position, only when the potential 
of the sphere was equal to that of the cylinder and target. As the poten- 
tial of the sphere was made negative with respect to the target and 
cylinder, the number of electrons which entered the Faraday cylinder, 
with the target back, became less than the number striking the target 
when in the forward position, the difference going to the shield instead 
of to the Faraday cylinder. This spreading of the primary beam at the 
opening of the Faraday cylinder was obviously caused by the distorted 

6 The maximum at 10 volts was in many cases not as noticeable as in the curve shown. 


In some curves there was no actual maximum but a region of the curve separated from 
the rest by changes in slope at 9.0 and 12.0 volts. 
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field which resulted when the target was withdrawn. This distortion 
increased as the retarding potential on the sphere was increased so that 
the condition necessary for the measurement of velocity distribution of 
secondary electrons effected circumstances which made this measure- 
ment impossible. Preliminary measurements with the apparatus before 
the Faraday cylinder was inserted were sufficient to show that, in general, 
the velocity distribution of secondary electrons from Fe is similar to 
that of other metals, i.e. the number of low-velocity secondary electrons 
increases as the primary velocity increases but these results are not 
accurate enough to decide the existence or non-existence of the effect 
in question. 


IV. Discussion 


The fact that the same type of secondary electron curve was obtained 
for two different specimens of Fe and with three different forms of 
apparatus is sufficient evidence of the validity of this curve. The occur- 
rence of sharp maxima and minima at certain critical potentials in the 
low-velocity region of the above curve for Fe shows the existence of a 
phenomenon which has an effect on the secondary electron curve as 
noticeable as that observed in the case of Cu. 

In the previous report on Cu it was shown that if one makes certain 
simple assumptions regarding inelastic collisions a curve containing 
maxima and minima is obtained which approximates closely to the 
experimental curve, at least in the region of lower velocities. The maxima 
occur at certain critical potentials followed by minima. If the work func- 
tion of the metal is taken into account, as noted by Petry,’ all primary 
electrons strike with energy due to the accelerating potential plus that 
acquired in falling through the surface and all secondary electrons with 
energy less than that corresponding to the work function will be unable 
to escape.* Hence an interval equal to at least the work function in volts 
might be expected to separate a maximum from the minimum following it. 
This interval, however, would depend on the type of critical potential. 
For an ionization potential it would depend on the distribution of the 
residual energy between the two colliding electrons after impact. If the 
energies of the two electrons are equal, the interval referred to above 
should be twice the work function: If either of the electrons has all of 
the residual energy after impact, the interval should be equal to the work 
function. In the case of a resonance posential it would also be equal to 

* From this point of view it is evident that the effect of critical potentials of solids 
having a value smaller than the work function cannot be observed at primary velocities 


corresponding to the critical potential, since the slowest primary electron has an energy 
equal to the work function. 
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the work function. Referring to the present results on Fe, the difference 
between the maximum at 7.0 volts and the minimum at 12.0 volts is the 
same as the work function ascribed to Fe by Thomas.’ There is, however, 
a slight minimum and maximum between these two values. The dif- 
ference between the first sharp maximum at 1.2 and minimum at 3.7 
volts is seen to be only one-half of the above work function of Fe. It 
therefore seems necessary to conclude either that the work function of Fe 
is less than 5 volts or that some such condition as the following exists: 
that the energy loss at the first inelastic collision is only equivalent to 
3.7 volts but the probability of its occurrence is negligible until an actual 
accelerating potential of 1.2+5.0 volts is reached. (Eldridge? has shown 
that a similar idea is necessary to explain the 6.7 resonance potential of 
Hg vapor.) The residual energy of 2.5 volts is not sufficient to allow the 
election to escape through the surface so that the secondary current 
begins to decrease at this point. When the primary electron has energy 
of 3.7+5.0 volts, after falling through the surface layer, it loses 3.7 
volts on collision and has 5.0 volts left which will just allow it to emerge 
through the surface. Thus the secondary current begins to increase at 
this point. A knowledge of the velocity distribution of secondary elec- 
trons should throw light on this question. At any rate, the gradual rise in 
the curve beginning at 12.0 volts is undoubtedly due to electrons resulting 
from ionization. It may be noted that Petry’s* curve for Fe shows a 
maximum at about 7 volts with a minimum at about 10-volts. 

In the study of Cu it was found that excessive heating of the target 
near the melting-point resulted in a smoothing out of the various maxima 
and minima, which was attributed to a change in crystal structure. No 
such effect was observed for Fe, which would indicate that the crystal 
structure of Fe is more stable than that of Cu. 

The curve for evaporated Fe (curve 2, Fig. 2) is seen to be similar in 
form to curve 1, at least in the region of low velocities. Previous results 
show that depositing an evaporated Cu film onto a Cu target causes the 
disappearance of the sharp maxima and minima—a result which suggests 
that evaporated Cu is amorphous. The similarity of curves 1 and 2 for 
Fe then indicates that evaporated Fe is not amorphous but crystalline, 
the difference in absolute values indicating that evaporated Fe is more 
gas-free than the other. 

Although the present results prove the existence of critical potentials 
for Fe in the region below about 13 volts accelerating potential, there 
appears to be no true critical potentials for higher accelerating potentials. 


i... Thomas, Phys. Rev. 25,331 (1925). 
9 J. A. Eldridge, Phys. Rev. 20, 459 (1922). 
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Since this article was first written, two papers by A. Becker’ have — : 
appeared on velocity of secondary electrons from Pt covered with lamp- | tol 
black and from pure platinum. They, however,’ contain nothing i imme-_ P. 
diately related to the present results. | ia 

These experiments were performed at the University of Wisconsin 
during the past summer and the writer expresses his appreciation to 4 
Professor C. E. Mendenhall for the privilege of continuing the investiga- ji 
tion in that laboratory. | 


UNIVERSITY OF MAINE, 
Orono, MAINE. 
November 10, 1925. 


10 A, Becker, Ann. d. Physik 78, 228 (Nov. 1925); 78, 253 (Nov. 1925). 
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THE RESONANCE POTENTIALS OF HELIUM AND 
DOUBLE IMPACTS BY ELECTRONS IN HELIUM 


By GEORGE GLOCKLER* 


ABSTRACT | 


First and second critical potentials in helium.—A tube with five platinum 
electrodes was used to determine the first two critical potentials in carefully 
purified helium. The inelastic impact method of Franck was used over a pressure 
range from 0.13 to 13.00 mm and gave values of 19.87+0.06 for the first, 
and 20.62 +0.06 volts for the second critical potential. The method of Lenard 
for pressures from 0.96 to 2.85 mm gave values of 19.83 +0.02 and 20.57 +0.06 
volts. The spectroscopic value corresponding to the transition 1S—2s (A) is 
19.77 volts and that corresponding to 1S—>2S (B) is 20.55 volts. The observed 
difference between first and second critical potentials, 0.75 (Franck method), 
0.74 volts (Lenard method), is in excellent agreement with the spectroscopic 
value of the difference B—A, 0.78 volts. The average initial velocity correction 
was determined by two different methods which led to concordant results. 

Critical potentials in helium due to double impact.—Three critical poten- 
tials in helium near 40 volts were observed by the Franck method. The values 
are 39.62, 40.47 and 40.96+0.04 volts, the last being the most prominent. 
The spectroscopic values for double impacts are 39.54 volts (1S—>2s and 
i275) 40 s2evolts (5 —2eeand 1.5528), and 40.89. volts (1S—>2s and 
1S—2P). The observed difference between the-first critical potential and the 
most prominent double impact point is 21.09 volts, in excellent agreement 
with the spectroscopic value of the transition 1S—>2P, 21.12 volts. 


EVERAL experimental determinations of the critical potential of 

helium have been made by the method of electron impact.'! Franck? 
has cleared up the situation regarding interpretation on the basis of 
Lyman’s spectroscopic measurements? and at present it is accepted that 
the first critical potential-of helium at 19.77 volts corresponds to a 
transition (1S—2s) from the normal to a metastable state. 

In determining the critical potential of a gas by the method of electron 
impact a correction has to be made for the velocity distribution of the 
electrons, their initial velocity and for the contact potential difference 
between the filament and the other electrodes. In addition the efficiency 
of impact must be considered as shown by Sponer* and Dymond.’ Franck 


* National Research Fellow in Chemistry. 

1K. T. Compton and F. L. Mohler, Bull. Nat. Res. Council, No. 48, p. 85 (1924). 
2 Franck, Zeits. f. Physik, 11, 155 (1922). 

3 Lyman, Science, 56, 167 (1922). 

4 Sponer, Zeits. f. Physik, 7, 185 (1921). 

5 Dymond, Proc. Roy. Soc., A107, 291 (1925). 
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and Knipping® determined the last two corrections in the case of helium 
by measuring the volt-difference between the kinks in a current-potential 
curve corresponding to a single impact (type A =1S—2s) and a double 
impact (type A =1S—2s and type B=1S—2S). However, Dymond?® has 
shown that in his experiments this difference is not 20.55 volts, but 20.9 
volts, and he accordingly assumes that the double impact must be of 
the type BB. In this investigation the two single impacts appear as usual. 
The double impact that is most prominent occurs at 40.96 volts (cor- 
rected) and the difference between this point and the first drop is 21.09 
volts corresponding in magnitude to the transition 1S—2P. Indications 
were obtained at higher pressures which tend to show that the other types 
of double impact AA and AB also can occur. 


EXPERIMENTAL PROCEDURE 


The five-electrode tube used is shown in Fig. 1. All electrodes are of 
platinum. The gauzes G; and G2 are 52 mesh/inch and the wire is 0.004 
inch’ thick. W is a tungsten filament that heated the calcium oxide 


» i) eee 
A R, R, 
ri It] | 


covered platinum thimble F by radiation. F is an equipotential surface. 
Between F and gauze G; an accelerating field is applied by means of the 
potentiometer A, of 10,000 ohms. M, is a galvanometer that measures 
the total emission from F. This total current was kept constant by 
regulating the external resistance in the heating circuit. M2 is a galvan- 
ometer of 50,000 megohms sensitivity (880 ohms resistance) and is used 


* Franck and Knipping, Zeits. f. Physik, 1, 320 (1920). 
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at a scale distance of 3 meters. Both galvanometers were read on the 
same scale by means of two telescopes. 

The helium was purified by sparking with a little added oxygen for 
24 hours and then it was passed through a quartz tube containing 
magnesium ribbon, copper shavings, and granular copper oxide at 550°C, 
thus removing nitrogen, oxygen, and hydrogen. It was further purified 
by passing through a trap containing cocoanut charcoal immersed in 
liquid air and stored over phosphorus pentoxide. It was admitted into 
the experimental tube by means of a mercury trap so that no stopcocks 
were used at any place in the vacuum system. The pressures were read 
on a McLeod gauge. The voltages on the potentiometer were measured 
by means of a standard cell before and after each run. Readings were 
taken in steps of 20 ohms which corresponds to about 0.1 volt, since the 
battery supplying the potentiometer was 50 volts. Liquid air was kept 
on a trap to remove mercury vapor, except in the experiments using the 
Lenard method. 


THE EXPERIMENTAL RESULTS 


1. Lhe Franck method. The current potential curves were obtained by 
two methods. The first of these was the inelastic impact method of 
Franck, in which the drop in electron current reaching the plate was 
determined as a function of the first accelerating field. No retarding 


TABLE I 
Franck method 


Total drop across Peaks of difference curves 
Press. potentiometer First Second Third Filament 
Run mm _ before after ohms volts ohms volts ohms volts volts amps. 
Hg 
Setter o4 06° 734°00) in... ee. oS A Be ane. 4.30 4.40 
1 Podge o+.06 913420696220 “21518 6410% 21.82 5.00° 5.40 
2 pone s4 206 134.06 6226 (21720 6410 21.82 A290 5.30 
3 Boameoae00, 54.00 ~O1902 21511 oF.) ) 4.50 625 
4 pees t. 00° 54806 6202, 21012 6450 © 21.97 5.00 5.70 
ee eee 00) 34200 76218-21718 Fe Pk. S25 SD 
Beeson 0-72 50.72 4130 20.93 4310 21.86 4.80 5.30 
meow] 450.72. 21/0, 121315 7). ois... Sae0 esl: S250) a0. 00 
Peete nun o.oo 50.84, 4166 21.18 |..... ..... Sa 10s a2. by 1.00 
meme oO 2 FOO. 71, 4158) 21 10 <2. fot. 8330 942525 5.80 7.20 
ee es 2 850,02) 41604 21512 24.25 «ha S350 Be 2no5 eos 6).10 
ete S07) 150/06 4166. 21513 4350 22.06 -...., ..4.. 4.80 6.10 
feet cao. 04" 50.63 4186 21.19 2... 2... S350 2 22s 5.000 Sho0 
eee es, ob.29 A183 21.234... oe es R240 42 021 on 25 O25 
Pee ts 51 13 4447 21.20 oe see. S200 eto 2S 5.00) Olu 
eos Lt i216 4122. 21 06° 1. eas S760— 42/20 .5.60. 6.75 
eee Yi 50.96 4134. 21.07... sane S270" 4215. 6205 f.70 
Average values 21.14 21.89 42.23 


Average deviation + .06 a Ur + .04 


426 GEORGE GLOCKLER 


field was applied between the second grid and the plate. The experimental 
curves obtained by this method are shown in Fig. 2 (B and D) in which 
galvanometer readings are plotted against potentiometer resistance. 


GALVAMOMETER DEFLECTION IM CMS 


Fig. 2. Experimental current-potential curves. 


These curves were then differentiated by taking the difference between 
successive galvanometer readings and replotting against potentiometer 
resistance. These difference-curves are shown in Fig. 2 (C and E).® The 
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maxima of the difference-curves correspond to the points where most of 
the electrons from the filament have obtained enough energy to resonate. 
For the measurements in the neighborhood of 20 volts, the voltages 
corresponding to the maxima for the first current-drop are given in 
Table I, column 6, and for the second drop in Table I, column 8. 

Measurements in the neighborhood of 40 volts were also made in the 
last eight experiments, and the peaks obtained are shown in Fig. 2 (D and 
E), and given in Table I, column 10. 

The initial velocity correction (Method I). This correction was deter- 
mined in a vacuum by applying a constant accelerating field (41) between 
F and G, of about 20 volts and by noting the decrease in plate-current as 
the retarding field (R.) between G; and G2 was increased. The correction 
is negative due to a contact potential between F and Gj. 

If P. is this contact potential and V; is the actual velocity with which 
the electrons leave the filament, then a given electron can just reach the 
plate when 


13 ian Ae we Se AO) (1) 


where A, and Ro are the accelerating and retarding fields respectively. 

The results obtained are shown in Fig. 2 (A), where both the experi- 
mental curves and the difference curves are given, the latter being dis- 
placed to the right. In these curves galvanometer readings are plotted 
against the resistance, which gives the retarding field. It will be seen that 
the first drop in current due to R, occurs at 3700 ohms (=18.80 volts). 
This initial drop must be due to the slowest electrons. If they leave the 
filament with zero velocity, then 


Ei alacant (2) 


and the contact potential is found to be acting as a retarding potential 
ine... ,= —1.6 volts). 


TABLE II 


Data for determination of initial velocity correction (pressure 10 *mmHg) 


Total voltage Total voltage Hield Rg» “Correc— 
Run first field A; second field R, Field A, at peak tion Filament 
before after before after ohms volts ohms volts R:—A:1 amps volts 


1 50.66 50.66 50.41 50.41 4000 20.26 3770 19.00 —1.26 3.70 4.70 
2 50.80 50.66 50.48 50.37 See 2 29 oo RS TAS RERSS Wp): Sma Say (8 Bake Hy fe) 
Peeetroe 1235.51.19 51.17 erie O2 50 5019. 3001526563. 80 4.00 
Peeotecs e420 1,11 51.09 gee PALES Se 126 tak 2 et kOe OU 
memset 1.19 "50.995 51.01 S2520747' (3760 19,18 —1.29'° 3.75 "3.85 
6 50.98 50.97 50.80 50.79 = AU Es Pal St 010 21428. Swipes 290 


Average correction —1.27 volts 
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The velocity distribution was thus determined with no gas in the tube. 
It might be thought that the distribution is different with helium present. 
However, the critical points should then show some trend with pressure. 
No such trend was observed. Of course the presence of the gas necessi- 
tates a greater heating current in the tungsten filament W as a good deal 
of heat is conducted away by the gas. _ . 

From the difference-curves the average correction was determined. 
The results are given in Table II. 

2. The Lenard method. In the second method, Lenard curves were 
taken with a constant large retarding field (30 volts) between the second 
gauze G2 and the plate. The results are shown in Fig. 2 (Hf and J) and 
they are summarized in Table IIT. 


TABLE III 
Lenard method 


Diff.—curve 

Press. Total drop Peaks of diff.—curves Liq. peaks for 
Run mm_ before’ after First Second Filament air correction 
Hg ohms volts ohms volts amp volts ohms volts 
1 1.08 50.78 50.78 4102 20.82 4240 7 21°53995245"55 50ers eee 
21.21 50.71 50.71 4112 20.85 42849¢2T ei pee5ecOgmo UUme 194 0.98 
3 1.36 50.69 50.69 4114 20.85 4246°721552.555 G50" 050g ee 
4 0.96: 50.61 50.61 4108 20.79 4250°°21751 9543.55. 150 
5 ‘1.21 50.60 50.60 4118 20.84 4280 218615 5:55 6) OO} le ce 
6 2.85 50:60 50.60 4118 20.34° 3) eee 6.07 6.62 3) eae 
7 ‘1914 50.50 50.50 -4122 20282) (eee 5.60 6.10 on 194 .98 
8 1.15 50.48 50.48 4124 20.82 4270 21°559°5°55))0. 00 
Average values 20.83 21857 1.00 

Average deviation = 02 +506 + Oe 


The total rise in positive current was about 9 cm on the galvanometer | 
scale in runs Nos. 1 to 5. In run 6 the total rise was 17 cm. However, 
the two last runs were made with liquid air on the charcoal so as to 
remove mercury vapor and the total rise was only 3 cm, showing that 
most of the current was probably due to positive ions of mercury pro- 
duced by the metastable helium atoms. 

The initial velocity correction (Method II). Before the Lenard experi- 
ments could be made the filament had to be recoated with calcium oxide 
as its emission had decreased. The correction for the recoated filament 
was determined by Method I as described above and Method II as de- 
scribed below. Both gave identical results. 

In Method II, instead of making separate experiments in a vacuum 
with two fields, the correction was now determined with gas in the tube 
at the same pressure as was to be used in the Lenard experiment im- 
mediately following. The increase in electron current to the plate was. 
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measured as the first accelerating field was increased from 0.5 volt to 
1.5 volts while the other fields were zero. After such an experiment the 
retarding field (R;) between G2 and the plate was applied and a Lenard 
experiment was performed. 

The correction for the recoated filament amounted to —1.00 volt, 
while previously it was —1.27 volts. The difference is presumably due 
to a change in contact-potential. It is important then to measure the 
correction for each filament and to make sure that it does not change. 

The results are shown in Fig. 2 (F and G) and the last column of 
Table III. The figures given are the voltages A, which have to be applied 
in order to get the “‘average’’ electron to come through grid G, with 
approximately zero velocity and hence the correction has to be subtracted 
from the value of A, found in the later Lenard. experiments. A few 
measurements of the correction were also made by Method I on the 
new filament and gave concordant results. 


SUMMARY OF RESULTS 


When the proper corrections as described above are applied to the 
critical points, the values given in Table IV are obtained. 


TABLE IV 
Volts 
Type Transitions Spectroscopic Franck method Lenard method Peak No. 
A 1S—2s Ibe a al 19.874+0.06 19.83+0.02 i 
B 1S2S 20755 2002 6. 00 20057 + -706 2 
AA 1S—>2sand1S—2s 39.54 SOOT nis ee 3 
AB 1S—>2sand1S—2S 40.32 Opa Coal e965 Light : 


AC 1S-—2sand1S—2P 40.89 BO 967 204s shew’ 
BB 1S—2Sand 1528S Zi). 1 Ay uml seal rare te EES Sets: 
BC 1S—2Sand 1S—2P 41.67 


These values depend on the corrections applied. However, the differ- 
ences between the peaks are independent of the initial velocity correction . 
and the following quantities are obtained. 


TABLE V 
Transition Spectroscopic Franck method Lenard method 
B—A 0.78 volts 0.75 volts 0.74 volts 
AC—A Piles hd 21.09 setae 


DISCUSSION OF RESULTS 


It is seen that at a pressure of 0.13 mm (Fig. 2 B, Run OQ) no drop in 
current was obtained. At this pressure the mean free path of the electron — 
(0.96 cm) is nearly as great as the distance between the gauzes (1.1 cm). 
At a pressure of 1 mm the m.f.p. of the electron is 1.25 mm, while the 
distance between the filament and grid G; is 0.5 mm. In some of the 
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experiments the pressure was so high that some of the electrons must 
have made impacts in the region between filament and grid G;. However, 
the voltages at which the maximum occurs do not seem to be different. 

In the Franck method a small retarding field of 0.34 volt between the 
plate P and grid G, was employed in runs 1 to 5, but no retarding field 
was used in the later experiments. Nevertheless the current dropped at 
the critical points, just the same as when the small retarding field was 
employed. This seems surprising, but the slow electrons produced may 
not diffuse to the plate as readily as do 20 volt electrons, or the drop in 
current may be the result of a small contact retarding voltage between 
the plate and grid G2, or positive ions of an impurity produced by impacts 
of the second kind with excited helium atoms may diffuse to the plate. 
If the latter explanation should be the correct one, then both the current 
drop observed in the Franck method and the rise in current measured 
in the Lenard method are due to positive ions reaching the plate. At any 
rate, since the methods employed give results for helium in agreement 
with spectroscopy, they are thought to be practical and can be used to 
determine the critical potential of other substances for which no spectro- 
scopic data exist. 

Helium as a calibrating gas. These experiments show that the use of 
helium as a calibrating gas for resonance and ionization potential 
measurements as used by Hertz’ is justified, since the corrected experi- 
mental value is 19.85 volts for the first resonance as compared with the 
spectroscopic value of 19.77 volts. This difference may be due to experi- 
mental error. Or it might be thought in accordance with the suggestion 
of Dymond that the maximum efficiency of resonance occurs at a voltage 
higher than the true critical potential, thus causing the peaks to come 
at higher voltage in these experiments than the spectroscopic values. 
However, Sponer* pointed out that it is possible, as in the present case, 
to apply one correction to a volt-scale and bring all critical points in 
agreement with spectroscopy. This means that either all critical points 
have a maximum of efficiency right near the critical point or that such 
a maximum is displaced the same volt amount for each critical potential. 
The first alternative seems the easier one to believe. 

Furthermore, Hertz’ has used helium as a calibrating gas to deveruiae 
the resonance points for the other rare gases. In the case of neon he 
found the critical points in terms of helium using its spectroscopic values. 
Later he® actually obtained the neon resonance lines by Lyman’s spectro- 
scopic methods. The two methods checked. If the helium peaks were 


7 Hertz, Zeits. f. Physik 31, 463 (1925). 
§ Hertz, Zeits. f. Physik 32, 933 (1925). 
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displaced a certain amount due to the resonance-maximum appearing a 
few tenths of a volt higher than the true critical potentials, the calibration 
would have been incorrect and the two methods could not have checked. 
It seems, therefore, reasonable to assume that the efficiency of resonance 
is appreciable a few hundredths volt above the true critical potential. 

The difference between the first and second critical point. Dymond? finds 
by a new differential method that the difference between the first and 
second critical potential in helium is 1.0 volt and not 0.8 volt, as is 
obtained from spectroscopy in the visible and also by Franck by his 
methods of electron impact. This new result is ascribed by Dymond to 
the fact that the maxima of resonance efficiency for the two types of 
impact occur at such electron energies so as to cause this larger difference. 
However, from Table V it is seen that the present experiments agree with 
the correct spectroscopic value of 0.78 volt. 

The difference between single and double impacts. If the possible double 
transitions are arranged in order of energy required to produce them as 
in Table IV, it is seen that the difference between the most prominent 
peak at 40 volts and the first peak near 20 volts is equal to the transition 
1S—2P. The types AA and AB have only been obtained at the highest 
pressure used (Fig. 2 E, 16), whereas the value 40.96 volts (corrected) 
has been obtained consistently. Because this experimental value checks 
numerically with the type CA, it is ascribed to this transition. In order 
to understand why this transition should be more probable than the 
others, the relations between probability of impact and energy of im- 
pinging electron must be known. Dymond’ has pointed out that the 
probability of double impact is the product of the probabilities of the 
single impacts at the voltage considered. At 40 volts the probability of 
type. C impact may well be larger than of type A or B, and since at 20 
volts the probability of type A is larger than of type B the present result 
would follow. Conversely it may be deduced from these experiments that 
near 40 volts the probability of impact for type C is greater than for A 
or B. 

In conclusion I wish to thank Professor R. C. Tolman for his interest 
in this research. 
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CHARACTERISTICS OF SHIELDED-GRID PLIOTRONS 


By ALBERT W. HULL AND N. H. WILLIAMS . 


ABSTRACT 


The internal “feed-back” from plate to grid of a pliotron is prevented by 
electrostatically shielding the two from each other. Specially designed tubes, 
thus shielded, are described. The capacity between plate and control grid was 
found to be only .006uuF in the best models. These tubes may, therefore, be 
expected to behave as strictly unidirectional devices at all frequencies, which 
was found to be true. Plate-resistance characteristics are given, and it is shown 
that the internal plate conductance is negligible compared with the conductance 
of practical circuits. The plate current thus depends on grid voltage only, i.e., 
in place of the seven parameters of the three element tube there is but one, 
mutual conductance. . 


1. INTRODUCTION 


HE tubes described in this paper were specially constructed double- 
, grid pliotrons, whose parts were so arranged that the control grid 
was thoroughly shielded from the electrostatic influence of the plate. 
They differ from the ‘‘screen-grid’’ tubes described by Schottky’ only 
in arrangement of parts, which is such as to minimize electrostatic 
capacity between plate and control-grid.? This difference is unimportant 
for ordinary low frequency applications, but is essential to high frequency 
operation, and makes practical many applications that have hitherto 
been considered impossible. Some of these applications will be described 


in a separate paper. The purpose of the present paper is to describe the ~ 


physical and electrical characteristics of the tubes, which are sufhciently 
unique, it is believed, to be of interest. 


2. CONSTRUCTION 


‘The ideal aimed at is to prevent, so far as possible, any lines of force 
passing from the plate or its connecting wires to the control-grid or its 
connecting wires. This is accomplished mainly by electrostatic shielding, 
which is facilitated by appropriate methods of supporting the electrodes. 


Figs. 1 and 3 show experimental structures that have been found to give 


satisfactory characteristics. 
The shielding consists of two parts: (1) The grid itself is shielded from 
the plate by an interposed grid, maintained at a constant positive 


1 W. Schottky, Archiv. f. Electrotechnik 8, 299-328 (1919). 


* Schottky points out (J. c., p. 320) that the screen-grid tubes which he described 
are not suitable for high frequency amplification. 
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potential, as in the tubes already familiar.'* Sufficient screening for most 
circuit conditions may be obtained with wire grids, but measurements 
show that the wires must be so close together as to intercept a consider- 
able fraction of the electrons, thus reducing the mutual conductance. 
By making the screen grid of thin, wide slats, placed edge on toward the 
filament,’ the shielding may be made as nearly perfect as desired, without 
offering appreciable obstruction to the passage of electrons. (2) The grid- 
supporting and leading-in wires must be effectively screened from the 
plate and its associated wires. This may be accomplished by surrounding 
them by a grounded conductor as shown in Fig. 1, a structure which was 
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Fig. 1 Fig. 2 
Fig. 1. Design of ‘‘single-end” shielded grid pliotron. 
Fig. 2. Design of shielded-grid pliotron with control-grid terminal at top. The 
shielding is incomplete, as indicated by the dotted lines, which represent lines of force 
from the plate to the supporting wires of the control grid. 
Fig. 3.. Design of completely shielded pliotron, with control grid terminal at top. 


The shielding grid is supported at the top by a metal disc, which is connected to a 
metal coating on the inside wall of the tube. 


suggested and successfully tried by Mr. D. T. Simonds of this laboratory. 
This method of shielding has the disadvantage of large grid-to-ground 
capacity. A better method from this standpoint is to support the grid 
from the top of the tube, taking care that its wires shall nowhere be 
exposed to those of the plate (Fig. 2). There will still remain a few lines 
of force, represented in Fig. 2 by dotted lines, from the outside of the 
plate to the grid leads. Most of these may be intercepted by a grounded 


3 A. W. Hull, Proc. Inst. Rad. Eng. 6, 5-35 (1918). 
my echottky, ?. ¢.,.p.318. 
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metal cylinder fitting closely over the tube. It was found that the few 
lines which still pass from plate to grid inside the metal cylinder are 
sufficient to lead to oscillation, unless the screen grid is extended so as to 
cover the control-grid supports for a considerable distance and the 
amount of metal in these supports is reduced to a minimum. The simplest 
and most complete solution found was a metal disc attached to the top 
of the screen grid (Fig. 3) in conjunction with a metal coating on either 
the outside or inside wall of the tube. When an inner coating is used it 
may be connected internally to the screen-grid, as indicated in Fig. 3, 
or capacity-coupled through the glass wall to an external grounded 
conductor. 


3. STaTic ELECTRICAL CHARACTERISTICS 
These are identical with the characteristics of the double-grid tubes 


previously described. They differ from ordinary three element tubes 
only in plate resistance, which is infinite or negative at plate voltages 
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Fig. 4. Plate conductance characteristic of shielded grid pliotron with average 
secondary emission. The lower curve shows the current to the plate, the upper the 
total current to plate and screen grid. The potential of the screen grid is indicated by 
the arrow. 


lower than that of the screen grid, positive and very high for voltages 
above the screen grid. Fig. 4 shows a typical plate characteristic, with 
screen grid at 60 volts. Curve I in the figure represents the current to the 
plate, curve II the total current to plate and screen grid. The low value 
and negative slope of the portion ad of curve I is due mainly to the loss 
of secondary electrons from plate to screen grid, whose number increases 
with plate voltage. The lowness of the portion cd, on the other hand, is 
due only to electrons intercepted by the screen grid. The finite positive 
slope of cd, as compared with the essentially zero slope of the correspond- 
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ing portion of the total current curve II, is caused by secondary electrons 
from the screen grid, only a small fraction of which are able to reach the 
plate at low plate voltage (70-80 volts in Fig. 4) because of the weak field 
inside the screen grid, and this fraction increases with plate voltage. 

The slopes of both the negative and positive portions of the plate 
characteristic depend, as is evident from the above description, on the 
secondary or impact electron emissivity of plate and grid, and the 
operation of the tubes is greatly influenced thereby. Figs. 5 and 6 show 
the two extremes of secondary emissivity. The screen grid potential 
is in both cases 90 volts. Fig. 5 represents a tube whose plate and grid 
were coated with a thin film of poorly-conducting material, giving high 
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Fig. 5. Plate conductance characteristic of a shielded grid pliotron whose plate has 
high secondary emissivity. Be: 


secondary emissivity. The portion of the characteristic below 90 volts 
has a negative resistance of —11400 ohms, the portion above 90 volts a 
positive resistance of approximately 100,000 ohms. Fig. 6 is the character- 
istic of a tube with a nickel-plated plate, the plating current being ad- 
justed to give a fine black deposit. The secondary emissivity is less than 
10 percent over the whole voltage range, and consequently the plate 
resistance both below and above the screen grid potential is positive and 
very high, viz., 10° ohms and 710° ohms respectively. It is this char- 
acteristic to which attention is especially directed in this paper, since the 
high plate resistance, combined with low plate-grid capacity, makes this 
tube a very simple circuit element (see section 5). 
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The mutual conductance characteristic corresponding to Fig. 4, with. 
plate at 90 volts, is shown in Fig. 7. It is about 30 percent lower than that 
of a three element tube having the same filament and control grid, and 
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Fig. 6. Plate conductance characteristic of a shielded grid pliotron whose plate has 
very small secondary emissivity. 


a plate at 60 volts in place of the screen grid. This 30 percent loss is due 
to the electrons intercepted by the screen grid. In other respects this 
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Fig. 7. Mutual conductance characteristic of tube whose plate conductance is shown 
in Fig. 4, with shielding grid at 60 and plate at 90 volts. 
characteristic is exactly similar to the mutual conductance characteristics 
of three-element tubes. The same is true of the mutual conductance of 
the other tubes, such as those represented in Figs. 5 and 6, whatever the 
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plate voltage. The actual value of mutual conductance is strictly pro- 
portional, at any given plate voltage, to the ordinate in the plate resis- 
tance curve, Figs. 4, 5, and 6. 


4, INTERNAL CAPACITY 


The effective capacity between plate and control grid was measured 
by feeding a signal to the amplifier through the tube, with cold filament. 
The signal was impressed upon the plate, and the grid was connected to 
the input of the amplifier, as shown in Fig. 8. A small variable condenser 
c could be substituted for the tube and adjusted to give the same reading 
of the detector as was observed when the tube furnished the coupling. 
Care was required to avoid errors due to wiring capacity. This excluded 
the use of a parallel plate condenser. The condenser which was found 
satisfactory consisted of a 5 mil (.125 mm) wire in the axis of a 100 mil 


Fig. 8. Circuit used for measuring effective capacity between plate and control grid. 


(2.5 mm) cylinder, the wire being movable along the axis. End corrections 
were avoided by leaving the condenser connected to the amplifier and 
observing the increase in length required to produce the same effect as 
was produced by connecting the plate of the tube. For a typical wire-grid 
tube this increase was 2.5 mm, corresponding to a capacity of .025 cm, 
or .0278uuF. The screen grid, in this case, was a helix consisting of 40 
turns per inch of 5 mil (.0125 cm) wire. A tube with a slat type of screen- 
grid, consisting of thin discs of 3 mm width of section placed 3 mm apart, 
gave a capacity equal to 0.6 mm length of the cylindrical condenser, or 
006upF capacity. The capacity between plate and grid in standard 
receiving tubes is between 3 and 6upF without socket, and from 12 to 
40upF with sockets and wiring. The effective plate-grid capacity has 
thus been reduced to less than 1 percent of the smallest value hitherto 
used, in the case of the helical wire screen grids, and to 1/5 of 1 percent 
in the case of the slat grids. 


5. Tue SHIELDED TUBE AS A CIRCUIT ELEMENT 


The circuit behavior of shielded pliotrons is very simple compared with 
that of ordinary three element tubes. In three element tubes the plate 
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current at high frequency is a complicated function of seven tube con- 
stants. These constants are: the variation of plate current with plate 
voltage (plate conductance) and with grid voltage (mutual conductance), 
the variation of grid current with plate and grid voltages, and the three 
internal tube capacities between plate and grid, plate and filament, and 
grid and filament respectively. 

In the case of well shielded tubes these seven tube constants are reduced 
to one. Two of the four principal tube “parameters,” namely, the 
variation of plate and grid currents with plate voltage, are made zero 
(as closely as desired), by the shielding. A third, the dependence of grid 
current upon grid voltage, is zero when the tube is used as an amplifier 
with proper C battery bias, such that the grid current remains zero.° 
The plate-grid capacity is made effectively zero by the shielding, and all 
the other tube capacities become merely circuit constants. The shielded 
grid amplifier tube has, therefore, but a single parameter, mutual con- 
ductance. The voltage amplification is the product of this mutual con- 
ductance by the plate circuit impedance. The amplification that can be 
obtained per stage is limited only by the impedance that can be built up, 
by resonance or otherwise; and the number of tubes that can be usefully 
operated in series is limited only by the terminal conditions, viz., the 
condition that the input voltage must not be smaller than the “shot 
effect’’ or other inherent input disturbance, and that the amplified output 
cannot be greater than the plate-battery voltage employed for the last 
tube. The shielded tube is also a strictly unidirectional amplifier, to any 
degree of strictness that may be desired, as is evident from the capacity 
tests reported in the last section. 

These predictions have been tested and verified by amplification ex- 
periments, which are reported in a separate paper. 

It will be understood that the purpose of this paper is scientific, and 
bears no relation to commercial development. Tubes of the type de- 
scribed are not being manufactured, nor is their immediate production 
contemplated, so far as the authors are aware. 

We gratefully acknowledge the cooperation of Mr. Harry C. Thompson 
in the design and construction of these tubes. 


RESEARCH LABORATORY, 
GENERAL ELECTRIC COMPANY. 
December 30, 1925. 


* The charging current flowing into the grid because of the grid-to-ground capacity 
is a Circuit and not a tube parameter, since this capacity is simply an additive part of 
the circuit capacity. This is not true in unshielded tubes, where the effective grid 
capacity depends upon plate voltage. 
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MEASUREMENTS OF HIGH FREQUENCY AMPLIFICATION 
WITH SHIELDED-GRID PLIOTRONS 


By ALBERT W. HuLL 


ABSTRACT 


Tests of cascade high frequency amplification are described, using specially 
constructed tubes in which the control grid is electrostatically shielded from 
the plate. These tubes are free from internal feed-back, so that any number 
may be operated in series. The voltage amplification per stage depends only 
on the circuit impedance, and was found to be 200 at 50 kilocycles, 40 at 1000 
k.c., and 7 at 10,000 k.c. Total amplifications as high as 2,000,000 in voltage 
were obtained and measured at 1000 k.c. It is shown that this is the largest 
amplification that can be usefully employed at any frequency. At 10,000k.c. a 
total amplification of 10,000 was obtained. Examples are given of other appli- 
cations, such as the amplification of small photo-electric currents, where 
shielding is advantageous. 


1. INTRODUCTION 


T IS commonly believed that any electrical impulse, however small, 

can be amplified by modern thermionic valves to any desired degree. 
This belief is completely justified. The only limitation that need be 
imposed is that the duration of the impulse shall not be shorter than the 
time of transit of an electron across the tube. 

The practical use of such amplification is limited by two considerations: 
The difficulty of constructing and operating the amplifier may be pro- 
hibitive; and the signal may not be worth amplifying, because of the 
presence of other stronger impulses from which it cannot be separated. 

It is the purpose of this paper to show how the first of these limitations, 
the difficulty of building and operating the amplifier, can be avoided by 
the use of properly constructed tubes. 

The difficulty of building amplifiers is due to instability, caused by 
“feed-back” of electrical energy from the output circuit to the input 
circuit. If the impulse thus fed back is‘in opposite phase to the input 
signal the amplification will be reduced; if in the same phase it will be 
increased or ‘‘regenerated,’”’ and sustained oscillations will result if the 
amount of energy thus fed back is greater than the losses in the input 
circuit. Feed-back due to external causes, such as electrostatic or magnetic 
coupling between output and input circuits, or resistance or inductance 
in common battery and ground wires, can easily be avoided. The most 
common and obstinate cause is internal coupling, that is, coupling due to 
electrostatic capacity between plate and grid in the same tube. The 
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energy thus fed back through the tube in ordinary receiving tubes is 
10,000 times the amount necessary to sustain oscillation in good tuned 
circuits, at 1000 k.c. 3 

Three practical methods of avoiding oscillation from this internal feed- 
back have been employed in the past. The first is to use only a single 
stage of amplification and to so arrange the circuit that the plate voltage 
is approximately 90° out of phase with the input (grid) voltage. This is 
the ordinary regenerative method, and is capable of producing from 10 
to 100 fold voltage amplification by careful adjustments. 

The second method is to use poorly tuned or high resistance circuits, 
with a small gain per stage. In this way, by keeping the energy fed back 
per stage smaller than the circuit losses, total amplifications as large as 
desired may be obtained. This is a practical method, but requires a large 
number of tubes, since the safe gain per stage is not more than 3 at 1000 
k.c., under ordinary circuit conditions, and decreases rapidly with in- 
creasing frequency. | 

The third method is to neutralize the unavoidable feed-back by an 
intentional feed-back of opposite phase. The two feed-backs must be 
balanced within about 1 percent at 1000 k.c. with ordinary tubes and 
good tuned circuits. .If such a balance can be found and maintained for 
each stage there is no limit to the amplification attainable. The difficulty 
of obtaining exactly opposite phase relations is very great, however, 
because of the presence of distributed capacity in the tuning coils, and 
generally limits the total practical voltage amplification obtainable in 
this way to the order of 100 fold at 1000 k.c., or 1000 fold at 50 k.c. 

The method described in this paper is to avoid feed-back entirely by 


using tubes so constructed that there is no capacity coupling between 


plate and control grid. It was found that amplification as large as desired 
could be obtained at any frequency without instability, with a very small 
number of tubes. 


2. DESCRIPTION OF TUBES AND CIRCUIT 


The shielded-grid tubes and their characteristics have been described 
in a previous paper.! For convenience of reference Fig. 3 of that paper, 
which represents the type of tube used for these measurements, is re- 
produced here (Fig. 1). As seen from this figure, the shielding of the 
control-grid from the plate is accomplished internally by means of an 
extra grid, maintained during operation at a potential which is constant 
with respect to ground; and, externally by appropriate arrangement of 
supporting and leading-in wires and the use of grounded conductors. 


‘A. W. Hull and N. H. Williams, Phys. Rev. 27, 432 (1926). 
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In this way it was found possible to reduce the effective capacity 
between plate and control grid to less than 1 percent of its value in three- 
element tubes. This capacity is a measure of the plate conductance, which 
is therefore reduced in the same ratio and becomes negligible in com- 
parison with ordinary load conductances. The behavior of the tubes is 
thus greatly simplified as compared with three-element tubes. They 
become strictly unidirectional valves, whose sole parameter, the change 
of plate current with grid voltage, is independent of all plate-circuit 
variables.’ 


Fig. 1. Drawing of special tube used for high-frequency amplification measurements, 
showing method of shielding the control grid from the plate. 


The circuit used for the cascade amplification tests described below is 
shown in Fig. 2. It is the ordinary capacity-coupled arrangement, each 
plate being connected to the 110 volt line through a multiple-tuned 
circuit LC, and to the next grid through a small condenser c. Resistances 
r, approximately 1 megohm, maintain the average grid potential at the 
proper value. The tubes and circuits are mounted in individual boxes 
covered with tinned sheet iron. These boxes are piled on top of each other, 
and the top of each tube projects into the box above, making the shielding 
complete, provided the metal boxes can be maintained at constant 
potential. Common batteries were used, except as noted below, and the 
feed to each stage was filtered by a 10 millihenry choke in conjunction 


2 It is assumed that the plate voltage is kept within the operating range. 
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with one or more 2 m.f. condensers. It was considered essential that the 
grounded terminals of all the filter condensers in a single box be soldered 
to the box at the same point, in order to minimize circulating currents 
in the box walls. The screen-grids were maintained at 60 volts, unless 
otherwise stated, and the plates at 110 volts. For convenience in tuning 
and in measuring amplification, each stage was supplied with a jack, 
and the method of coupling allowed any tube to be used as detector. In 


cas : 


aul 


Fig. 2. Diagram of cascade amplifier used for tests at 1000 and 10,000 kilocycles. 


this way the performance of each tube could be checked, and successive 
stages tuned in, one by one. 

The amplification referred to in the following tests is the voltage 
amplification due to the tubes only, defined as the ratio of r.m.s. alternat- 
ing voltage of the plate to that of the grid, or of the last plate to that of 
the first grid in case of more than one tube. Output voltages were 
obtained in the usual manner by calibration of the detector. The small 
input voltages required were obtained from the inductive drop in a 
short section of straight copper rod surrounded by a concentric return 
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conductor, as shown in Fig. 2. For frequencies up to 1000 k.c. this method 
is reliable and free from difficulties; at 10,000 k.c. care is required in 
connecting the input system to the amplifier, to avoid capacity-charging 
currents in the grounding and shielding conductors. 


3. AMPLIFICATION MEASUREMENTS AT Low Rapio FREQUENCY (50 k.c.) 


Preliminary measurements were made to determine the best type of 
plate circuit impedance. It was found that no advantage was derived 
from a step-up transformer of any type. This might have been antici- 
pated, since the high plate resistance of the tube enables it to work 
efficiently into the highest obtainable impedance. Single tuned circuits 
were, therefore, used, with condenser feed to the next tube, as shown in 
Fig. 2. Measurements with coils of different numbers of turns showed, as 
expected, that the maximum amplification was obtained with the highest 
possible value of inductance, since this gives the highest impedance. 

At low frequencies it is possible to build resonant circuits of very high 
impedance. Since the voltage amplification is the product of this impe- 
dance by the mutual conductance of the tube, high amplifications may be 
expected. A few measurements at 50 kilocycles showed that a voltage 
amplification of 200 fold per tube could easily be obtained. The stability 
and limiting value of multistage amplification was not investigated, but 
it may safely be assumed from the results at 1000 k.c. that there is no 
instability at these low frequencies. The measurements of Johnson’ have 
shown that there are no tube disturbances at these frequencies except 
“shot effect,’’ hence the maximum useful amplification is limited only by 
this ever-present restriction. This limitation is discussed in section 7 
below. 


4, MEDIUM FREQUENCIES (1000 k.c.) 


The circuit shown in Fig. 2 was used. The tubes were first tested 
singly, and gave voltage amplifications between 40 and 45 at 750 k.c. 
When operated in series, two tubes gave 1700, and three tubes 75,000, 
which is equal to the square and cube respectively of the amplification 
of a single tube, within the limit of accuracy of the measurements. There 
was no evidence of regeneration. These measurements were made with 
low impedance input. The set was later used with high impedance tuned 
input and found to be stable. 

A second series of measurements, at 1000 kilocycles, was made with a 
set containing 6 shielded grid tubes, similar to that shown in Fig. 2. 
The tubes amplified approximately 40 fold each. Under measuring 


3 J.B. Johnson, Phys. Rev. 26, 1. (July, 1925). 
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conditions, i.e., with low impedance input circuit, the first four tubes 
operated stably in series (the fifth being used as detector) and gavea total 
voltage amplification of 2 million. This corresponds to 38 fold per stage. 
All circuits were tuned to exact resonance, and the amplified voltage 
was found to vary steadily and symmetrically with the tuning. of each 
one of them. The degree of amplification was independent of input 
voltage from 1 microvolt, the smallest signal that could be distinguished 
from the “‘shot effect,’”’ to 10 microvolts, which filled the operating range 
of the last amplifier tube.* 

The selectivity curve of the four tubes in series (input untuned) is 
shown in Fig. 3. It coincides very closely with the curve calculated from 
the circuit constants.° 

In the first tests with the 4 stage amplification described above it was 
observed that oscillations resulted when a tuned circuit was substituted 
for the low-impedance input shown in Fig. 2. The cause of this feed- 
back was found to be external to the amplifier, namely in the common 
battery supply. The oscillations and all signs of instability disappeared 
when a separate battery supply was used for the first two stages. The 


4 It was obviously necessary, in order to avoid saturating the detector, either to use 
a detecting tube with very low amplification constant, which need not, however, have 
a shielding grid; or to operate the detector as a tube volt-meter, with variable negative 
grid bias, adjusted at each reading to give a definite small plate current. 

5 Since mutual inductance is independent of frequency, the theoretical selectivity 
curve for a single stage is simply the curve of plate impedance, and for stages the nth 
power of this impedance. The impedance of a single tuned circuit, viz. 


3 To?+ R? 
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reduces, for practical radio circuits, in which R? is always negligible compared with 
L*.?, and for the small values of w—w» which are of interest, to 
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where Z) is the impedance at the resonant frequency wo/27 =fo. 


If y is the ordinate of the selective curve, that is, the relative voltage amplification, 
then for one stage of amplification 
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same result could undoubtedly have been accomplished with a single 
common battery supply by better filtering. 

Similar results were obtained with 5 stages of amplification. In this 
case the amplification per stage was reduced, by using coils with smaller 
inductance, so that the total voltage amplification was still two million, 
which was the largest that could easily be measured. There was no 
evidence of instability, with all circuits, including the input, tuned in any 
desired manner. 
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Fig. 3. Selectivity curve of 4 stage amplifier with input untuned, at 1000 k.c. The 
voltage amplification is 210°. 


The observed amplification of 2 million fold in voltage is very near the 
maximum value that can be usefully employed, because of the presence 
of shot effect. (This limitation is more fully discussed in section 7.) 
These tests show, therefore, that any degree of amplification which 
may be desired can be obtained at 1000 kilocycles, provided external 
circuit feed-back is avoided. 


5. HiGH FREQUENCIES 


At high frequencies dielectric and resistance losses are so large that it 
is not easy to obtain high impedance by resonance, hence the maximum 
amplification per stage is smaller than at lower frequencies. 

Two series of measurements at 10,000 kilocycles (30 meters) were 
carried out with the 6 tube amplifier described above. In the first 
series the same condensers (31 plates, 1 mm apart) and same wiring 


446 ALBERT W. HULL 


connections, including jacks, were used as in the medium wave-length 
tests, the coils only being changed. The losses were high, and the im- 
pedance at resonance only 8000 ohms (calculated from the ratio of 
amplification to mutual conductance). This gave a voltage amplification 
of only 3 per stage. There was no instability, and five stages 1n series 
could be operated very simply, with a total amplification of 250. 

In the second series of tests, special low loss coils were used, each 
consisting of 10 turns of 1/4 inch copper tubing, wound in a self-support- 
ing helix of 3 inches diameter and 3 inches total length. The same 31 
plate condensers were used (at nearly minimum capacity) but the jacks 
were by-passed and other insulation losses minimized. The circuit 
impedance was thus increased to over 16,000 ohms, and the voltage 
amplification to nearly 7 per stage. It was found that 5 stages in series 
were still stable, giving a total voltage amplification between 10,000 
and 15,000. A series of measurements under these conditions is given in 
Table I. The variations are due to lack of care in turning, as high accu- 
racy was not sought. The tuning was sharp, but uniform and symmetri- 
cal. 


TABLE [ 


5 stage amplification at 10,000 kilocycles 
(Circuit like Fig. 2, except jacks. Plate voltage 110, screen voltage 65) 


Length of 
input Current 
Inductor through Input Detector Output Voltage 
1icm = .00358uh Inductor volts reading volts amplification 
(cm) (milliamps) (milliamps) 
0 4.42 0 
3 oat 229 X10 ae yas 10000 
3 47 Bo 3.85 3.8 12000 
3 .82 00 3.45 Ta3 13300 
3 1.10 74 Soou 9.0 12200 
3 1.66 Pelz ofa Uy, 12.0 10700 
9 32 64 2.85 16 25000 
9 37 74 2.95 13.6 18400 
9 42 .84 2.90 14.8 17600 
9 .80 1.6 2.80 18 11200 
9 .92 1.84 2209 23 12500 
12 ae .86 2.95 13°6 15800 
12 ae 1.00 2.90 14.8 15800 
IZ .80 ey IS 235 18 7500 


Tuning the input circuit under these conditions caused oscillation. 
Since these tests were made with the same common battery supply 
which led to oscillation at 1000 k.c., it is believed that the cause of 
oscillation in this case was the same, namely insufficient filtering of the 
power supplied from the common batteries to the individual tubes. The 
degree of instability was about the same as at 1000 k.c. and could pre- 
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sumably be cured in the same way, by separate battery supply. This 
has not been tried. 

There is every reason to believe that still shorter wave-lengths could 
be amplified directly in the same manner. The simplest procedure 
' with short waves, however, is to allow them to beat with a local oscillator 
to give a difference frequency of 10,000 k.c., which can then be amplified 
as just described. In this way it should be possible to amplify wave- 
lengths as short as 2 or 3 meters, with no greater delicacy of adjustment 
than is required to amplify wave-lengths of 400 to 600 meters with the 
customary intermediate frequency of 50 kilocycles. 


6. DISCUSSION OF STABILITY 


The conditions under which oscillation can occur from internal capacity 
feed-back are easily seen from the simplified circuit shown in Fig. 4, 
which is the a-c. equivalent of Fig. 2. Each plate is capacity coupled to 
the control grid of the same tube by an effective capacity C).6 Since 
these capacities are all in series, the mth plate is coupled to the first grid 
by a capacity C)/n. This capacity decreases only arithmetically with 
successive stages, while the amplification increases geometrically. It is 
evident, therefore, that a stage must eventually be reached, if there were 
no attenuation, where the energy fed back from the last tube to the first 
would be greater than the input circuit losses. 

The energy thus fed back is attenuated at each stage by the losses of 
the tuned plate circuit, which includes the capacities to ground of the 
plate and grid, the grid leak resistance, and the internal plate-resistance 
of the tube. This is equivalent to a well-known type of filter circuit, 
whose attenuation may be calculated by the methods described by 
Campbell and others,’ provided the terminal impedances are properly 
adjusted. In the present case a simpler procedure is sufficient. The 
problem is this: Given a series of identical tubes and circuits, each tuned 
to approximate resonance, what is the maximum amplification per 
stage at which self-sustained oscillations are impossible. The only 
phase relations that need be considered are those favorable to maximum 
regeneration, since the phases of tuned circuits change so rapidly with 


6 This is called ‘‘effective’’ capacity because it is not a capacity which can be 
measured in an ordinary capacity bridge. It may be defined as the number of lines 
of force from the plate that end on the grid per unit potential difference; or as the 
equivalent ordinary capacity that would have the same alternating-current admit- 
tance. 
7G. H. Campbell, Bell. Sys. Tech. J. 1 (Nov. 1922); 

O, J. Zobel, Bell Sys. Tech. J. 2, 1-47 (Jan. 1923); 3 (Oct., 1924); 
L. Cohen, J. Frank Inst. 195, 641-54 (1923). 
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tuning that this condition can hardly be avoided, when dealing with 
more than one stage. This condition is satisfied by exact resonance, 
which gives the maximum gain per stage, and brings the voltage of each 
plate in phase with that of the grid of the preceding tube. The plate 
impedances are then pure resistances, R. Denoting the voltages at 


Fig. 4. Simplified diagram of circuit of Fig. 2, showing feed back. 


successive stages by é1, és, es; (Fig. 4) the currents in the various branches 
are given by the following equations: 


Ly == (e3—e2) Cow 


ip = 69) 1K 
13a= (€2—e€:)Cow | 
ig €1/.R 


t5=e1/ VR?+(1/Cow)? (approx.) 

11 a 19 aa 13 TE 0 

13 Fy 14 ~_ 15, == 0 
For all cases of interest R? may be neglected in comparison with (1 /Cw)?. 
Elimination of e. and the five currents between these equations then 


gives for the relative voltage of the first grid due to feed-back from the 
third: 


e3/€:=(1/RCow+2)?—1 (1) 


The condition for stability is that this attenuation ratio shall be 
greater than the two stage amplification. If u is the amplification per 
stage, this condition is 


e3/e:=(1/RCow+2)?-1> 
Or | 
p<1/RCow+2 (2) 


with sufficient approximation. . 
The resistance R may be expressed in terms of amplification and the 
mutual conductance g, and plate resistance 7, of the tube: 
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1/R+1/r, 


Substituting this value of R in Eq. 2, one obtains for the maximum 
stable amplification, 


f (3) 


B<Vgm/Cow+ (1/2r,Cow— 1)?—1/2r,Cow+1 (4) 
For screen grid tubes 1/r, is negligible, and Eq. 4 becomes 
w<V8m/Cow+1+1 (5) 


In the above tests gn=400X10-*, Co=.028X10-" At 1000 k.c. 
(w=6.3X10°) Eq. 5 gives A <49. The actual amplification per stage 
was between 40 and “45. Hence the condition was a stable one, but the 
margin of stability was small. At 10,000 k.c. (w=63X10*) Eq. 5 gives 
A<19. The maximum amplification actually used was 7. To attain an 
amplification of 19 would require a load impedance of 45,000 ohms, 
which is probably higher than can be obtained in practical circuits at 
this frequency. If this is so, the amplifier would be stable at this fre- 
quency under all load conditions, provided external sources of feed-back 
are avoided. 

These calculations show that the plate-grid capacity of these tubes, 
although it has been reduced by shielding to less than 1/100 that of 
the best three electrode tubes, is barely small enough for stable high 
frequency amplification. A value 1/4 as great, such as was obtained by 
the use of a slat type of screen grid,!and such as can be obtained with wire 
grids with a slight sacrifice in mutual conductance, would be ample under 
all circuit conditions at any frequency. 

According to Eq. 4, which is applicable to any kind of tube, the maxi- 
mum stable amplification with 3 element tubes having a mutual con- 
ductance of 400umhos and plate resistance 30,000 ohms, and with the 
minimum plate-grid capacity of 2.5uuk, should be 5 at 1000 k.c. Space 
charge grid tubes, with 4 times the mutual conductance of the single 
grid tube and the same plate-grid capacity and plate resistance, should 
be capable of nearly ten fold per stage without instability. The attain- 
ment of these values requires special wiring. With ordinary sockets and 
wiring the total plate-grid capacity is seldom smaller than 12uyF, which 
reduces the possible stable amplification for three-element tubes at 
1000 k.c. to 2.4, and for the space-charge grid tube to less than 5S. 

With 3-grid tubes,® utilizing the advantages of both space-charge and 
screen grids, the maximum stable voltage amplification per stage at 


8 Cf W. Schottky, Archiv. f. Electrotechnik 8, 321 (1919). 
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1000 k.c. should be over 100, according to Eq. 5, for a tube with plate- 
grid capacity of .025, and over 200 for .006uuF capacity. At least 3/4 of 
this higher value, viz., 150, should be capable of realization with practical 
circuits such as were used in the above tests. 


7. Limit oF USEFUL AMPLIFICATION, DUE TO SHOT EFFECT 


It was observed in the tests at 1000 k.c. that the detector tube showed 
a small signal even when none was impressed upon the input circuit. 
This spontaneous generation of oscillations, which is known as “shot 
effect,’’® has already been observed and studied under circuit conditions 
identical with those here used.!° It is due to shock excitation of the plate 
circuits—principally that of the first tube, which receives the greatest 
amplification—by the individual electrons that constitute the plate 
current. The total r.m.s. voltage thus produced, which is the vector 
sum of these elementary shock excited voltage oscillations, depends on 
their total number, that is, on the plate current, on the charge of the 
electron, on the capacity and power factor of the circuit, and on the 
degree of space charge. For ordinary radio-frequency tuned circuits, 
and emissions such as are used in receiving tubes, this r.m.s. voltage 
lies between 10 and 100 microvolts. 

The existence of this shot effect sets a limit to total useful amplifica- 
tion. Amplification ceases to be useful when the shot voltage originating 
in the first tube fills the detector. For example, if the first tube, in order 
to amplify 40 fold, must use a plate current so large and circuit damping 
so small that its shot voltage is 20 microvolts, then with 2 million fold 
total amplification the amplified shot voltage will be (210/40) x20 
X10-*=1 r.m.s. volt.4 This is nearly the maximum amplitude that 
can be handled by ordinary detecting tubes. It can easily be shown that, 
for a given degree of selectivity, the ratio of amplified signal to shot noise 
is independent of circuit conditions, and depends, for a given signal, only 
on the mutual conductance of the first amplifier tube. The above example 
was calculated for a mutual conductance of 4004 mhos, which is an 

*W. Schottky, Ann. d. Physik, 57, 541-67 (1918); 68, 157-76 (1922). 

10 A. W. Hull and N. H. Williams, Phys. Rev. 25, 147-73 (1925). 

4 The actual value observed in the above tests was 1.3 volts. When a signal is added 
to this the energies add, so that the observed voltage is the square root of the sum of 
squares of signal and shot voltage. As an example, a sine voltage of 2 microvolts im- 
pressed upon the grid of the first tube gave an amplified voltage reading at the grid of 


the detector of 4.8 volts. A deflection corresponding to 1.32 volts was observed with no 
signal, due to the shot effect. The amplified voltage due to the signal of 2 microvolts 
was, therefore, V (4.8)2— (1.32)? =4.6 volts. In this case, in order to distinguish the 


signal from shot effect, it was necessary to use a detector tube with the unusually large 
range of 4.8 volts. 
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average value for receiving tubes. Hence the limit of useful amplification 
with ordinary tubes may be taken as a million fold in voltage. With a 
special input tube of high mutual conductance, and a low impedance 
detector, a maximum of 10,000,000 fold may be utilized. These limits 
’ depend upon no fault of tube or circuit, but upon the charge of the 
electron. 

The above maximum values refer to tube amplification, beginning 
with the grid of the first tube. Any increase of signal voltage before it is 
impressed upon the amplifier, by transformation or resonance, is added 
gain. 

At frequencies below 10 k.c. there are other disturbances, originating 
in the tubes and circuits, which are from 10 to 100 times larger than the 
shot effect. Hence at these low frequencies, namely in the audible and 
sub-audible range, the maximum useful amplification is between 10,000 
and 100,000. 


8. OTHER APPLICATIONS 


The above description of cascade amplification has been given in full 
because the results, especially at the higher frequencies, can be obtained 
practically in no other way. There are other problems, which, though 
soluble with ordinary tubes, are greatly facilitated by the use of shielded 
tubes. Two examples will be given. 

The first example is the amplification of small rapidly varying currents, 
such as the photo-electric currents produced by light from successive 
small areas of a picture, that is to be transmitted by wire or radio. 
The limit to the speed with which such small aperiodic currents can be 
reproduced is set by the total effective grid-to-ground capacity, which 
must be charged or discharged in order to change the grid potential. 
In the ordinary method of amplifying such currents, the photo current 
is made to flow through high resistance r (Fig. 5) and the resulting 
potential difference e at the terminals of r is amplified. The maximum 
value of r for any given frequency is determined by the capacity of 
the system, as follows: The photo current 7 flows through the resistance 
r and effective grid-to-ground capacity C in multiple, and is given by 


i=i,+1,=e/r+C de/dt 
hence de/di+e/Cr=i/C. Solution of which is: 
e=tr(1—e-/) (1) 


e will therefore reach 2/3 of its final value zr in a time given by ¢/Cr = 1. (2) 
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If tis given, the maximum allowable value of r is thus determined, viz. 
Pde: (3) 


The capacity C is made up of three parts in multiple, viz., the anode- 
cathode capacity of the photo cell, the grid-filament capacity of the 
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Fig. 5. Circuit for amplifying photoelectric currents, showing advantage of shielding. 


pliotron, and the effective grid-plate capacity of the pliotron. The latter 
is w times the actual grid-plate capacity, where yp is the actual amplifica- 
tion. . 


Hence.C=—Gn trae 
or, taking the three measured capacities as approx. equal } 
C=(ut+2)Cp, (4) 


Substituting these values of r and C in Eq. (1) gives for the maximum 
voltage at the grid 


eg = Ut /(ut2)Cop (5). 
The amplified voltage at the plate is u times this, viz., 
Cp = Mey = wit/(ut+2)Cyp (6) 


It is seen that nothing is gained by amplification, since the fraction 
&/(u+2) increases but little with uw. In other words, the photo-electric 
current 7 cannot be amplified appreciably by the first amplifier tube, pro- 
vided it is of the three-element type. This sets a limit to the smallness of 
the non-sinusoidal current 7 which can be amplified at any given 
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frequency 1/t, since the voltage at the plate of the first amplifier tube 
must not be smaller than the shot voltage originating in this tube. 

If a shielded-grid amplifier is substituted for the three-element tube, 
as indicated in Fig. 5, the effective grid-ground capacity is simply its 
measured capacity, and instead of the fraction u/(u+2) in Eq. (6) we 
have approximately u/3. Since values of uw as high as 100 are easily 
attainable with shielded tubes at the frequencies under discussion, the 
amplified voltage e, will be more than 30 times that obtainable with a 
three element tube, and the minimum current that can be reproduced 
will be correspondingly increased.” 
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Piezo-electric Crystal 


Fig. 6. Crystal-controlled oscillator circuit, showing use of shielded-grid amplifier to 
prevent change of frequency. 


A second example of a useful, but not essential, application of shielded 
grid tubes is in connection with the utilization of exact standards of fre- 
quency for the measurement or control of other frequencies. It is well 
known" that a piezo-electric crystal,such as quartz, may be used to control 
the frequency of a vacuum tube oscillator, giving extreme constancy. 
With proper choice of circuit constants and with the crystal maintained at 
constant temperature, the frequency remains constant to less than 1 
part in a million, independent of all ordinary fluctuations of supply 
voltage, or such changes of circuit constants as are incident to tempera- 
ture variation or chance mechanical movements. 

In order to use such a standard it is necessary to couple it to another 
system, which will generally react upon the standard and alter its 


2 The gain in minimum reproducible current will not be quite 30 fold, since, if all 
attempts to amplify with the three element tubeare abandoned, the resistance inits plate 
circuit can be made very low, which will somewhat reduce the shot effect. 

18 W. G. Cady, Phys. Rev. 19, 1 (1922); Proc. Inst. Radio. Eng. 10, 83 (1922); 
12, 805 (1924). 
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frequency. The reaction is smallest when the standard is loosely coupled 
to the grid of another tube, as shown in Fig. 6. Even in this case, how- 
ever, tuning the plate circuit of the second tube will in general change the 
frequency of the standard by 10 to 100 parts in a million, due to the 
internal capacity reaction between plate and grid of the second tube. 
This reaction may be balanced by an equal reaction of opposite phase, 
in the well-known manner, and the effect on the standard circuit thus 
reduced. But the degree to which this has been accomplished can be 
ascertained only by comparison with another standard. By using a 
shielded tube for the second amplifier, as indicated in Fig. 6, all danger of 
reaction may be avoided, and the frequency made independent of the 
tuning of the utilization circuit to any desired degree. 

It will be understood that the purpose of this paper is scientific, and 
bears no relation to commercial development. _Tubes of the type de- 
scribed are not being manufactured, nor is their immediate production 
contemplated, so far as the author is aware. ) 


RESEARCH LABORATORY, 
GENERAL ELECTRIC Co., 
December 30, 1925. 
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THE ELECTRIC MOMENT OF CO., NH;, AND SO. 
By C. T..ZAHN 


ABSTRACT 


Dielectric constant of No, COc, NH;andSO>».— By an improved heterodyne null 
method previously described, measurements were made of the dielectric con- 
stant at atmospheric pressure of the carefully purified gases, over a range from 
300° to 400° from just above the liquefaction point. These results as well as all 
others found by the author are represented by the Debye equation (e—1)vT’= 
AT-+B, where « is the dielectric constant, JT the absolute temperature, and v 
the specific volume. The values found for A are .000958 (COz2), .000768 (NHs3), 
and .001433 (SO2);and for B are .003 (COz2), 1.740 (NH3), and 2.167 (SO.). The 
anomaly observed by Jona and attributed to association was not observed ex- 
cept possibly to a slight degree in NH3. The values of the electric moment of 
the molecules calculated from the constant B differ from Jona’s values by 7 
percent. It is believed that the explanation of the difference is to be based on 
the fact that the anomaly is not due to association but to surface effects on the 
metallic plates of the condenser. The values obtained for the electric moment 
are, in C.g.s., e.s. unitsx10!8, .06 (CO.), 1.44 (NH3), and 1.611 (SO). The 
small value for CO, differs from zero by an amount which is less than the 
experimental error. 


N an article by Jona! on the variation of the dielectric constant of 

gases with temperature marked deviations from the Debye straight 
line were recorded in the cases of water vapor, methyl alcohol, and sulfur 
dioxide near the liquefaction point. These deviations were attributed 
to association with an accompanying increase in the electric moment 
of the molecule. In a series of measurements? on the halogen hydrides 
no such deviations from the Debye theory were observed even though 
the measurements were made near the liquefaction points of the gases 
studied. For this reason it was thought worth while to make a further 
investigation of this anomalous effect. To this end measurements were 
made on several of the gases studied by Jona. sab 

The experimental method used has been described by the author. in 
the above mentioned paper? on the electric moments of the halogen 
hydrides. A heterodyne null method is used in which the beats between 
the oscillations from two separate electron-tube generators operating 
at frequencies of about 1,000,000 and 1,001,000 cycles per second are 
adjusted to the frequency of an electrically driven tuning fork, the small 
change of capacity due to the introduction of the gas into the measuring 


1M. Jona, Phys. Zeits. 20, 14 (1919). 
°C. T. Zahn, Phys. Rev. 24, 400 (1924). 
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condenser being compensated by a large change in a large capacity in 
series with this condenser. 

According to Debye’s theory? the dielectric constant of a gas is given 
by the equation 


(e—1)oT=AT+B 


when ¢ is the dielectric constant, T is the absolute temperature, and v 
is the specific volume referred to the volume occupied by 1 cc of an ideal 
gas at 0°C and 760 mm Hg. For an ideal gas v= T/273 but for vapours 
this is corrected by the use of van der Waals’ equation. A is a constant 
which represents the electric polarization due to induced distortion in the 
molecule and B is a constant which represents the orientation polarization 
and is proportional to the square of the electric moment of the molecule. 
(io? = 1.198 xX 10s) 

If (e—1)vT is plotted against T there is obtained a straight line of slope A 
and intercept B which determines up. For gases of symmetrical structure, 
i.e., zero electric moment, B=0 and the straight line should pass through 
the origin of coordinates. 

Measurements were first made on N2 asa rough check on the behaviour 
of the apparatus. Since Nz is not a polar molecule one should expect zero 
electric moment for the molecule and the Debye straight line should 
correspondingly pass through the origin of coordinates. This was found 
to be the case within the limits of experimental error. [t should be noted 
here that for the measurements on nitrogen the temperature control of 
the apparatus was not so good as for the other measurements which were 
made later when an oil bath of large heat capacity was used for the high 
temperatures. The later measurements are undoubtedly more accurate 
than those on nitrogen. In thé case of nitrogen the maximum deviation 
from the mean value of (e—1)v is less than one percent which was the 
upper limit estimated for the error introduced by the original calibration 
of the condensers used.” . 

Measurements were also made on COz, NH3, and SO2. The COsz and 
SO» were taken from commercial cylinders and dried and then distilled 
repeatedly by freezing in liquid air and evaporating, discarding each time 
small quantities of the gas coming off first and last. NH; was obtained 
by heating concentrated ammonia water and was purified as above. 

The measurements are given in Table I and the values of (e—1)v7 are 
plotted against T in Fig. 1. All these measurements were made by 
measuring the difference in the capacities of the experimental condenser 
corresponding to atmospheric pressure and a small pressure of about” 


8 P. Debye, Phys. Zeits. 13, 97 (1912). 
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6 cm of the gas under investigation. (This procedure was adopted because 
it was found that when the condenser was completely evacuated the heat 
insulation between the plates was good enough to prevent sufficiently 
rapid equalization of temperature of the two plates.) The results are 
reduced to atmospheric pressure by assuming that (e— 1) may be regarded 
as proportional to the pressure for this small correction. In each case, 
measurements were made to temperatures within a few degrees of the 
liquefaction points corresponding to atmospheric pressure. These later 
points are indicated in the figure by vertical broken lines. 


‘TABLE | 


Dielectric constant data 


TPE (e—1) xX 108 (e—1)v 108 (e—1)vT 
Nitrogen 

84.1 1898 572 .0481 
197.8 792 rgd Pits? 
ar Be 581 581 .1586 
562,41 283 583 .3276 

Carbon Dioxide 
199.2 1353 978 .1948 
200.6 1345 978 .1962 
286.6 926 ; 968 .2774 
295.0 909 976 .2878 
469.0 561 962 r4512 
« Ammonia 
Pa Ty 9280 8142 1.966 
274.4 7132 7143 1.962 
296.7 6117 6620 1.965 
eygoee! 4018 5452 2.024 
456.9 2734 4567 2.086 
Sulfur Dioxide 

2055 10015 9627 a 
267 .6 9918 9530 2.550 
295.5 8176 8770 2.592 
297 .2 8120 8768 2.606 
366.9 5477 7323 2.687 
443 .8 3911 6336 2.812 


The data of particular interest are those for SO, and NH;. For SO, 
Jona obtained at 300°F about a 10% increase of (e—1)v7 over the value 
corresponding to the limiting slope at higher temperatures; whereas the 
observations here recorded show no such anomaly, even though the 
measurements are carried about 35° below Jona’s lowest temperature. 
For NH; Jona recorded at room temperature a slight anomaly, whereas 
Fig. 1 shows no definite deviation for temperatures as low as room tem- 
perature, but near the liquefaction point there seems to be a definite 
increase of about 2%. The obvious inference is that there is some effect 
that is present only slightly in the present measurements but which was 
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quite appreciable in Jona’s work. It is difficult to imagine how such an 
effect could be attributed to association which should reach a definite 
equilibrium concentration, unless the time required for association should 
be comparable to the time between observations. This latter supposition 
seems very unlikely. In fact it is difficult to see how any effect which 
is characteristic of the gas itself; i.e., any volume effect could account for 
the difference in the two sets of observations, whereas the existence of 
surface layers on the metallic plates might reasonably be responsible for 
the inconsistencies. Such layers might depend upon the nature of the 


fon) Ne and GOs 
u NHs and SOz 
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Fig. 1. Variation of (e—1)vT with temperature. 


metal of the condenser and also upon the degree to which the surfaces 
had been cleaned by baking and evacuation. For example it is possible 
that a surface which had not been properly cleaned might have entirely 
different properties as regards adsorption of layers of the gas. In fact 
some recent experiments of the author on water vapour suggest that 
there is a surface effect in such measurements.’ 

In Table II are given the Debye constants as taken from the data of 
Fig. 1 together with the values of electric moment given by Jona, for the 
purpose of comparison. From the figure it would appear that CO: has a 


4C. T. Zahn, Phys. Rev. 27, 329 (March, 1926). 
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slight electric moment but considerably less than that given by Jona. 
In fact the value is so small as to be within the limit of experimental 
error, and it cannot be stated definitely that CO, has an appreciable 
electric moment. The difference between Jona’s values of uw and those 
taken from Fig. 1 may be due to an error introduced by his equation 


_ TABLE II 
The Debye constants 
Gas AX 108 B p< 1018 uw X 1018(Jona) 
(c.g.s.,e.S. units) 
CO, 958 .003 .06 .303 
NH; 768 1.740 edie 1.53 
SO> 1433 2101 1.611 1.76 


which was developed on the assumption of the existence of associated 
molecules. This error would present itself in the reduction to standard 
pressure and would depend on the actual pressures used in the experi- 
ments. Since he has not given these pressures, no definite comparison can 
be made. The difference in the u values of Table II is about 7% for NH; 
and SOz and is well beyond the limit of experimental error for both 
observers. 

In Table III is given a resumé of all the observations taken of the 
variation of dielectric constant with temperatures with the apparatus 


PABLEVIIT 
Resumé of dielectric constant data 
Gas Ale B uw X 1018 
(c.g.s.,e.s. units) 
HCl 1040 .895 1.03 
HBr ti? Sie .19 
HI 1856 412 .38 
C2He 1334 0 0 
C2H, 1444 0 0 
C2He 1501 0 0 
a-C4Hs 2694 115 eH 
N2 580 0 ‘ 0 
CO, 958 .003 .06 
NH3 768 ort. 1.44 
SO. 1433 ZuLGT 161 


described previously by the author.? There are here included the measure- 
ments on the halogen hydrides, those here described, and measurements 
taken on four hydrocarbons in collaboration with Dr. Charles P. Smyth.’ 

In conclusion the author wishes to acknowledge his indebtedness to 
Professor K. T. Compton for helpful advice and to Mr. E. W. Cheney 
for assistance in making some of the measurements. 


NATIONAL RESEARCH FELLOWSHIP. 
PRINCETON UNIVERSITY. 
November, 1925. 


5 C, P. Smyth and C. T. Zahn, Jour. Amer. Chem. Soc. 47, 2501 (1925). 
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FORCES ON A RIGID MAGNETIZED CONDUCTOR 
By E. H. KENNARD AND S. C. WANG : 


ABSTRACT 


The forces on magnetized material carrying current are examined from the 
standpoint of the electron theory. The true distribution of forces depends upon 
the minute structure of the material and so is at present unknown in the 
general case; it is even doubtful whether the partial force on the current alone 
is jXB. For a rigid body two sets of forces equivalent to the unknown actual 
ones are obtained: the first set consists of a force per unit volume equal to 
Va(1 - H)+j XB together with an additional torque per unit volume I XH; the 
second consists simply of a force per unit volume equal to mH+jXH, (H = 
magnetic intensity, B=induction, j=current density, I=intensity of mag- 
netization, m=free pole density). The first set may resemble the actual forces 
somewhat more closely than the second, but the second set is so much simpler 
that it is recommended for general adoption. If a set of stresses is preferred to 
body forces, the set commonly used is recommended, which consists of a tension 
along the tubes and a pressure perpendicular to them, each equal to pH? /87, 
with no assumption whatever as to the stresses in rigid bodies where » does 
not have a constant value: this set corresponds to neither of the laws of force. 

The rotating-magnet experiment recently repeated by Zeleny and Page is 
discussed and the torque is ascribed by preference to forces on the free poles. 


P/Nuebecess in electromagnetics that is still unsettled is that of the 
forces that act upon a permanently magnetized conductor carrying 
a current. The source of difficulty here lies in the fact that per- 
manent magnetism occurs only in solids, and in the case of a solid body 
only the total force and torque upon it are accessible to experiment and 
not the detailed distribution of force throughout the body. The question ~ 
is further complicated by the attempt one naturally makes -to separate 
the force into two parts, a force upon the current, and a force upon the 
magnetic material. Since these two partial forces cannot possibly be 
separated in observation, such a separation can be effected only upon 
the basis of theoretical assumptions of some sort. 

In such a situation the theorist often tries first a simple extension to 
the new case of laws that are well established for simpler cases. In the 
present case, however, such an attempt meets with serious difficulty. 
For one thing, the force upon a current can be observed separately only 
in media where magnetic intensity and induction are equal; when we 
pass to magnetic material, we are in doubt which of these vectors, or what 
combination of them, should be taken to determine the partial force upon 
the current. In the second place, the field in a current-containing region 
differs notably from that due to magnets in that it possesses no scalar 
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potential. The forces exerted by such a field upon a small plane current 
are not the same as the forces upon the “equivalent”? magnetic dipole, as 
is easily seen in certain simple cases. What, then, shall we assume to be 
the action of such a field upon a piece of magnetized matter placed in the 
field? No experimental answer to this question is possible, for the simple 
reason that such fields can only be realized in the presence of distributed 
currents and the force is then masked by the unknown partial force upon 
the current. 

Under these circumstances a definite answer seems to be possible only 
on the basis of a constitutive theory of magnetism and current. Today 
the safest basis appears to be the electron theory, and it is the purpose 
of the present paper to treat the problem systematically from this point 
of view; no adequate treatment on this basis seems to occur in the litera- 
ture. All that we shall need to borrow from the electron theory is the 
assumption that magnetic fields and electromagnetic forces are due to 
moving electricity acting according to the laws of Lorentz; for simplicity 
we shall speak in terms of electrons, but our discussion will have nothing 
to do with the attempts, hitherto largely unsuccessful, to account for the ° 
specific’ magnetic or electric properties of particular kinds of matter. 
The results of the investigation are carefully summarized in the Abstract 
above. 

The problem is made particularly timely by the recent interesting 
repetition by Zeleny and Page! of the experiment in which a bar magnet 
is set into rotation about its magnetic axis by allowing a current to enter 
it in the middle and leave at one end. The mode in which the torque to 
be expected is calculated by these authors, although simple, does not seem 
to us to be, as it stands, free from logical objection. Our principal purpose 
here is not to criticize this calculation, but we think it may assist in 
clarifying the subject if we first explain our objections to it. 

The rotating magnet as treated by Zeleny and Page. In treating the 
theory of the rotating magnet, the authors imagine the current to enter 
in the form of a symmetrical “sheet”? 4B; and they suppose that either 
the magnetization or the distribution of current in the sheet is sym- 
metrical about the axis. They then calculate the torque in two steps. 
The torque “exerted by the magnet upon the current”’ is calculated from 
the assumption that this force is proportional to the induction; the basis 
of this assumption is presumably the electron theory. The “torque 
exerted by the current on the magnet” is then calculated from the forces 
on the free poles, and a novel procedure is here introduced. Taking first 
the simple case in which the current enters in a thin sheet AB, it is 


1 Zeleny and Page, Phys. Rev. 24, 544 (1924). 
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pointed out that there is a distribution of free poles CC on the material 
just above the sheet which is equal and opposite to that on the end of the 
magnet at B, and obviously the torques on these two sets of poles will 
exactly cancel each other; the net torque on 
the magnetic material is therefore con- 
cluded to be zero. The total torque as thus 
calculated was found to agree with the ex- 
perimental value. 

An important point would seem, how- 


the current is supposed to flow through a 
thin but finite slice of the material; this slice 
will then have poles, and the torque on the 
upper poles of the slice will clearly be just 
equal and opposite to the torque on the con- 
tiguous poles CC just above the current. If 
account is taken of this torque on the slice 
the total torque on the magnetic material 

Fig. 1. no longer vanishes. Probably the writers of 
the article knowingly rejected the torque on the slice as negligible, on 
the excellent and generally valid principle that forces on indefinitely 
small things must likewise be indefinitely small. But the present case is 
peculiar in that the current density in the slice is very high and some of 
the derivatives of the magnetic field, upon which the torque must depend, 
are very large; if the slice is made indefinitely thin these quantities 


become indefinitely large (at least relatively). For this reason it appears 
to the present writers that an additional argument is necessary at this 


point. 


Apparently the difficulty can be met only by invoking some new law 


of force for application to the current-carrying slice. Perhaps with an 
emendation of this sort the calculation would appeal to some as satis- 
factory. In the opinion of the present writers, however, the simultaneous 
use of two different laws of force in dealing with a single piece of matter 
seems complicated and: confusing and likely to lead to errors. This 
objection seems to gain in weight when we turn to the actual case in 
which no part of the magnet is entirely free from current. 

In the experiments referred to, the magnet was also replaced. by a 
brass cylinder and it was observed experimentally that this cylinder 
experienced the same torque for a given current as did the magnet pro- 
vided the magnetic flux was the same in the two cases; this result was 
taken to support the view that the “poles of a symmetrical magnet 


ever, to have been overlooked. Presumably 
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contribute nothing to the torque’? under the circumstances of these 
experiments. It seems obvious, however, that such a conclusion can be 
drawn only after we have shown that the partial torque on the current 
is the same in the two cases, in spite of the difference that in one case 
the flux is due entirely to field-strength whereas in the other case it is 
largely flux of magnetization; and since this cannot be shown experi- 
mentally, we are thrown back upon theory again, so that the results with 
the brass cylinder hardly seem to throw much light upon the problem. 

The true nature of these difficulties as we see them will become clearer 
after our general discussion of the law of force, to which we now turn. 


FORCES AND TORQUES ON A R1iGtD MAGNETIC BoDy TRAVERSED 
BY CURRENTS 


Nomenclature used: 

B =the magnetic induction. 

H =the magnetic intensity. 

H’=the partial magnetic intensity at a point in the magnetic material 
obtained by omitting the magnetic field of the entire body. 

I =the magnetic moment per unit volume or the intensity of mag- 
netization. 

m = —divI=the free pole density. 

j =thecurrent density. 

First form of the law of force. We shall begin our calculation with the 
simple assumption that the electron streams constituting the current 
go through the material in straight paths on the molecular scale. In such 
a case, since the average value of the true magnetic intensity along these 
paths is, according to the electron theory, the magnetic induction B, the 
average force on the moving electricity per unit volume is evidently 
jXB. 

In calculating the force on the molecular circuits of the magnetic body, 
we shall make use of the following general principle: —The work done by 
electromagnetic forces on the molecular circuits of a piece of rigid mag- 
netic matter, when the latter is virtually displaced in any manner, ts 
JS 5,1 -H’)dr integrated over the piece of the material, where (I - H’) 
denotes the scalar product of the two vectors, 64/(I - H’) is the change of 
(I -H’) at a point of the material after the displacement and the sub- 
script H’ indicates that the intensity of magnetization I is to be 
fixed in magnitude and direction relative to the material in calculating 
the change. 

According to this principle the x, y, and z components of the force due 
to H’ on the molecular circuits of the material per unit volume are 
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I - 0H’/dx, I - 8H’/dy and I - 0H’/dz respectively; or the vector force f’ 
per unit volume is Vw/(I - H’), where the subscript H’ denotes again 
that the differentiation is to be made on H’ alone. 

Adding to f’ the force on moving electricity, jXB, we get for the total 
translational force per unit volume on the material due to H’ 


r= Vail « Hype (1a) 


It will be shown later that in the above equation H’ can be replaced 
by H without affecting the value of the ‘total force on the rigid body. 
Hence we can also employ instead of F’ a force F; per unit volume given ~ 
by! 

F\= Vi(I -H)+jxB . (1) 


The field will also exert a torque on the magnetic matter tending to 
rotate the molecular circuits about an axis perpendicular to the plane 
of the vectors land H’. If @ is the angle between I and H’ the magnitude 
of this torque will be 0/00(1 - H’) = —JH’ sin @, so that the torque per 
unit volume exerted independently of the translational force F’ will be 


T’=I1xH’ ; (2a) 


or, replacing H’ by H for the reason just stated, we’can employ as the 
independent torque per unit volume 


T=IxXHe (2) 


The total vector torque on the body about the origin will thus be 
L= f XFtIxH] drm f {rx [Val -H)+ixB]+IxH}dr, (3) 


where r is the radius vector from the origin to the element dr. 

We shall now drop the assumption that the conduction electrons go 
through the material in straight paths on the molecular scale. Since the 
reaction of the force on the body,as exerted on the rest of the system, will 
depend only upon dimensions or properties of that body on the physical 
scale, it is evident that the total force on the rigid body will remain the 
same as long as the paths of the electrons of two similar systems do not 
differ on the physical scale. Hence Eqs. (1a) to (3) will certainly lead to 
correct results for an actual rigid body. 

We cannot, however, attach with certainty any definite physical mean- 
ing to the two terms of Eq. (1) or (1a) separately. To say that the one 

1 This force is the same as that given in Livens’ Theory of Electricity, p. 589, but 


the torque (2a) is not there given. If Curl H=0, Vg(I-H)=(1- V)H and Eq. (1) 
and (2) agree with the forces on p. 270 of Livens’ book. . 
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is the force on the current and the other that on the magnet would be 
justified only if the paths of the electrons were known to be straight lines 
on the molecular scale or if we could ascertain by some other means that 
the average force on moving electricity really is j}<B per unit volume. 

These equations cannot even be regarded as giving the true total force- 
action per unit volume upon the material, for there will probably be 
additional forces and torques which arise from local attractions and repul- 
sions between the molecular circuits and the moving electrons and which 
are not included in the force-action as calculated from such mean values 
as the ordinary current density and magnetization. The probability of 
such effects is easily seen by considering special cases. This local action 
will not affect the motion of the body as a whole, of course, but it may 
alter the distribution of the forces and so may give rise to strains; for this 
reason, as is well known, magnetostrictive effects cannot be calculated 
from equations such as (1) to (3). 

Second form of the law of force. From Eq. (1a) the x-component of the 
total force on the body is 


0H’ ; 
Ox 
oH, dH, oH, oH, 0H, 0H, 
-{ f oe wil BF — + l,—— — [| ——_ — 
Ox Ox oy oy Oz Ox 


OTR ed, 
ere (i xB). | A 
Oz 


0 ; 0 : 0 ; 
-f | ax Curl H’),+ —(I,H,) +—(U,H,) +—U.H;) 
Ox Oy Oz 
poly neve 
— H,—___--H,, —H, 
Ox Ox 0 


=i xB); Jar 


2 
-{ [Ix Curl H’),+div (Hi) — H; div I+(jxB),|dr. 
Substituting Curl H’=47j, B—47I=H and —div I=m, we have 
je i [(jxH).+mH,+div (HD) |dr. (5) 


By the divergence theorem fdiv(/17’,I)dr integrated over the body is 
equal to {/H’,I,dS integrated over a surface immediately surrounding 
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the body. But this surface integral vanishes because I vanishes on the 
surface. Eq. (5) then becomes 


a ji tee H-+(GXED alder 5 (6) 


and similar results are obtained for P, and P:. 
Turning now to the total torque, we have from Eqs. (1a) and (2a) for 
its z-component 


+(x) dr (7) 


Here we can operate on the terms inside the two brackets exactly in 
the same manner as we did in passing from Eq. (4) to Eq. (5). Corres- 
ponding to Eq. (5), Eq. (7) becomes 


fife f {05H + mit, + div (HP) —9[GxXEe- mH 
+ div (HET) + 0X1). a 
: i {5B +- ma!) —9 (GX et mt div (eH, 


—H,/I,— div (HD) + H+ (XB) ; 


By the divergence theorem the volume integrals of the two divergence 
terms are equal to two surface integrals which vanish. Hence we have 


Lem fo {2(GX,tmHi]—y[Gxetme] Nor, @) 


with similar expressions for L, and Ly. 

According to Eqs. (6) and (8) the resultant force and torque are the 
same as if the body experienced a force per unit volume equal to mH’ 
+jXH. To this force we can, however, add a force m(H—H’) without 
affecting the total force and torque, for the forces thereby added are 
simply the forces on the free poles of the body due to their own fields. 
Hence the total force and torque on the body are the same as if the only 
force acting were a force per unit volume given by | 


F,.=mH+jxXH. (9) 
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It is evident that if we replace H’ by H in Eqs. (6) and (8) and trace 
back step by step, we will finally get Eq. (1) instead of (1a) and (2) 
instead of (2a), as already stated in connection with these equations. 

Discussion of the two forms of the law. We now have two simple laws 
of force between which we can choose. The first form of the law? is 
represented by Eqs. (1) and (2); in this form there is a force j}XB on the 
current, and then there are a force Vux(I - H) and a torque IXH which 
together represent a tendency of the magnetic material to move so as to 
increase the flux of magnetic intensity in the direction of the magnetiza- 
tion. This form of the law has an advantage in that it almost certainly 
resembles the true distribution of forces more closely than does the other 
distribution given by Eq. (9), without, however, any strong claim to be 
correct in detail; it has been pointed out before that in reality neither the 
separate terms of F; nor F; asa whole can be regarded as representing with 
certainty the true distribution of forces upon the material. This form 
has also the advantage of accounting directly for effects not only upon 
rigid bodies but upon incompressible liquids as well (one has only to 
deduce from this law the body forces represented, for instance, by the 
middle term of Eq. (407) in Jeans’ Electricity and Magnetism, 4th ed.). 

On the other hand, the second form of the law of force as given in 
Eq. (9) has the great merit of simplicity.* It involves only a force, without 
the addition of a torque, and the expression for the force is especially 
simple, since both parts of it involve the same field vector; the force 
consists of a force mH upon the free poles, which are so useful in cal- 
culating magnetic fields, and a force j H upon the current. Furthermore, 
in case of need the second form can be easily made to give a distribution 
of fo.ces exactly like that given by the first form by applying it, not to 
the free poles of the whole body, but to the poles of the elements; the 
first term in the force equation then gives Vyz(I -H)—IXCurl Hand 
thus compensates for the difference between jXH and jXB. Such a 
procedure seems very natural in the case of a liquid, whose elements are 
capable of relative motion; thus this case also can be handled without 
difficulty by means of the second form of the law, and the calculation is 
found to be little longer than if the first form is employed. 

After weighing these considerations carefully; the present authors 
would recommend the retention or adoption in elementary treatises of 
the second law of force, Eq. (9), as the basic form. In advanced treatises 
both laws may, of course, be given. 


2 The law is given in this form in Livens’ Theory of Electricity, pp. 270, 589. 

3 This form is equivalent to the law stated by A. Einstein and J. Laub (Annalen der 
Phys. 26, p. 541, 1908, Eqs. (7) and (8)); the only difference is that they represent the 
first part of the force as acting upon the poles of the elements instead of the free poles. 
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In any case, it would seem to be best not to mix the two laws in treating 
the same rigid body. For instance, in the paper of Zeleny and Page 
previously referred to, the force mH on the poles as required by the 
second law is combined with the force on the current in the form jXB 
as required by the first law; this undesirable combination was, in our 
opinion, the source of the difficulties discussed above. 

To avoid misunderstanding, a word should be said about the force on a 
wire surrounded by a magnetic fluid, which equals j X Bo, where Bp is the 
value that B would have at a point on the wire if a short section of it and 
if its current were removed. Neither of the laws deduced above gives a 
force of this magnitude as acting upon the wire (consider, for instance, 
the case in which the wire itself is non-magnetic). The deficiency is made 
up by a purely mechanical differential pressure of the fluid upon the wire; 
the existence of such a pressure would become evident if the wire were 
surrounded by a narrow empty space and a sheath carrying no current, 
for this part of the force would then act upon the sheath. Thus the fact 
that the total force on the wire is jX Bp does not lend support, as might 
be thought, to what we have called the first form of the law. 

In conclusion we shall compare briefly the treatment, in terms of the 
two laws, of the case referred to above in which a current enters a 
cylindrical bar magnet along a circle AA (see Fig. 1) round its middle 
and leaves at one end along the axis of rotation. The calculation can 
be put into a very simple form if we first note that the torque is necessarily 
independent of the path taken by the current through the magnet, 
because. the difference in distribution between any two paths consists of 
a distribution of current confined to the interior and surface of the 
magnet, and interaction between such a distribution and the magnet 
cannot produce a net torque on the magnet itself. We can therefore 
suppose the current to enter symmetrically around the ring AA, flow 
radially to the center, and then follow the axis to the end. 

If we now use the first law of force, we see at once from symmetry that 
the torque in Eq. (2) and the first term in Eq. (1) contribute nothing to 
the torque. A simple calculation then shows that the second term of (1), 
jXB, gives a torque equal to iN, where 7=total current, N =flux of 
induction across the section AA of the magnet. 

If we use, instead, the second law, represented by Eq. (9), we find by 
a simple calculation that the second term, jXH, gives a torque 7Ny 
where Ny = flux of intensity H through the section AA; this torque 1s 
small if the magnet is very slender. The first term is then easily seen to 
yield a torque on the poles equal to i(=m)/4r=iN,, where N;, flux of 
magnetization through AA. Since Ny+N,=N, the total torque is 7. 


FORCES ON A RIGID MAGNETIZED CONDUCTOR 469 


It is clear that in this special case the first law of force leads more 
simply to the final result. It appears, however, to the present writers that 
this case is a peculiar and atypical one, and that in spite of the dis- 
advantage in this case the second form of the law is nevertheless the best 
one to choose whenever it is desired to state a single universal law appli- 
cable to all cases. 

The peculiar symmetry of this case also enables us to go a little further 
than usual in regard to the true location of the forces: if both the mag- 
netization and the current are symmetrically distributed around the 
axis, then it seems clear that local forces can have no component per- 
pendicular to a plane through the axis so that the torque-producing com- 
ponent of force at each point must really be the corresponding component 
of jXB; but the same statement cannot be made of other components of 
the force, nor can it be asserted with confidence that j XB represents the 
force acting directly upon the current. 

Stress-equivalents for the law of force. The set of forces given by Eq. (9) 
is identical with that of Eq. (20) on page 282 of the third edition of 
Maxwell’s Electricity and Magnetism. It is shown there that this set of 
forces is equivalent to the following set of stresses: 

(a) a tension along the lines of force equal to H?/8z, 

(b) a pressure in all directions at right angles to the lines of force 

numerically equal also to H2/8r. 

Many other sets of stresses can be assigned which will account correctly 
for the force action upon a rigid body, for this depends only upon the 
stresses over its surface. The choice of a set will be dictated purely by 
convenience, since the occurrence of local action precludes any attempt 
to calculate the strains of magnetostriction in the general case. In 
practice, the stresses are commonly taken to be of the magnitude pH?/8r 
at points where there is a constant scalar permeability; this expression 
has the well-known advantage of accounting correctly for the behavior 
not only of rigid bodies but also of incompressible isotropic liquids. The 
most practical plan would seem to be to continue this practice and simply 
to assume nothing in regard to the stresses in material where such a per- 
meability does not exist, for the latter happens only in rigid bodies where 
the magnitude of the stresses is immaterial anyhow. 

It is interesting to note that the body forces due to the stresses of 
magnitude »H?/8m correspond to neither of the two laws of force de- 
veloped above. 


CORNELL UNIVERSITY, 
Nov. 17, 1925. 
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NOTE ON “FORCES ON A RIGID MAGNETIZED CONDUCTOR” 


© 


By JoHN ZELENY AND LEIGH PAGE 


ABSTRACT 


In reply to the criticism by Kennard and Wang of our theory of the torque 
on a cylindrical magnet through which a current is passing, it is pointed out 
that there is a rational distinction between the torque exerted by the current 
on the magnet and that exerted by the magnet on the current passing through 
it. From the point of view of Ampere’s theory of magnetism, the first torque 
is zero and the second is 7N/2z, in electromagnetic units, both for the case of a 
symmetrical current sheet and asymmetrical magnetization and for the case of 
symmetrical magnetization and an asymmetrical current. Therefore on the 
modern conception that magnetic properties are due to electric currents 
and not to magnetic charges per se, the torque on a cylindrical magnet carrying 
a current cannot correctly be ascribed to the action of the current on the 
magnet in either of the two cases under discussion, contrary to the contention 
of Kennard and Wang. 


N a recent paper! we deduced a new formula for the torque on a 

cylindrical magnet through which a current is passing in terms of the 
flux V and the current 7 and we verified this formula experimentally over 
a considerable range. In the paper preceding this note Kennard and 
Wang criticize our theory on the grounds (a) that it is impossible to make 
any rational distinction between the torque exerted by the current on the 
magnet and that exerted by the magnet on the current passing through it, 
(b) that the point of view adopted by us in calculating the first torque is 
inconsistent with that used in calculating the second and that we ob- 
tained the right result only by a procedure of dubious legitimacy, (c) that 
itis preferable to ascribe the torque to forces on the free poles rather than 
to forces on the current passing through the magnet. 

At the start we wish to make clear that our point of view is that of 
Ampére’s theory of magnetism, that is, that the magnetic properties of 
a magnet are due to intra-molecular or intra-atomic currents of constant 
intensity and not to magnetic charges per se. The question as to whether 
these currents are due to revolution of electrons about a nucleus or not is 
irrelevant to the analysis of the phenomenon. To be sure, we found it 
convenient at one point of our argument to substitute for the Amperian 
circuits a fictitious density of magnetism in accord with the usual pro- 
cedure. This device, however, did not involve a change in point of view. 


* Zeleny and Page, Phys. Rev. 24, 544 (1924), 
470 
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In answer to objection (a) we observe that the field H due to the current 
in the magnet as well as that outside is a perfectly definite quantity which 
is calculable in the same manner whether the current passes through an 
iron magnet or a brass cylinder. Its value depends only on the value 7 of 
the steady current and the geometrical configuration of the circuit. By 
the torque exerted by the current on the magnet we mean the torque 
exerted by this field on the magnet. Similarly the field due to the Am- 
perian circuits responsible for the magnetic properties of the iron is a 
perfectly well defined quantity. The average value of this field, as is well 
known, is the magnetic inductions B. By the torque exerted by the 
magnet on the current passing through it we mean the torque exerted 
by this field on the current. So we maintain that on the Amperian theory 
of magnetism (which we believe is generally accepted by physicists)there 
is a rational distinction between the two torques calculated in our paper. 

Objections (b) and (c) are answered by a consideration of the calcula- 
tion of the two torques defined above. The force on a current element is 
given by the force equation of the Maxwell-Lorentz theory. Substituting 
B for the magnetic intensity in this equation, the torque 7N/27 exerted 
by the magnet on the current is obtained, as given in our original paper. 
To be sure, since B is the average value of the field inside the magnet, 
the natural assumption is made that the electrons carrying the current 
do not show any preference for the weaker or stronger portion of the 
field in their passage through the material. The agreement of our expert- 
mental results with the theory, certainly in the case of a symmetrical current 
sheet, 1s an a posteriori justification of this assumption. Moreover, we fail 
to see that Kennard and Wang’s analysis of the problem avoids this 
assumption. In calculating the torque exerted by the current on the 
magnet we made use of a fictitious density of pole, and showed that, for 
the two cases considered, there is no torque due to the action of the current 
on the magnet. Kennard and Wang seem to consider that this substitu- 
tion of a fictitious density of magnetism for the Amperian molecular 
currents actually present involves a change in point of view and they 
make a point of the possibility of the current’s passing between the two 
surfaces of such a fictitious magnetic shell. Now it is well known that the 
field of a current circuit is equivalent to that of a magnetic shell, whose 
periphery coincides with the circuit, only at points outside the shell. 
Therefore when considering the interaction of the current and the magnet 
the fictitious magnetic shells introduced must be so placed that the 
current under consideration is never located in the interior of a shell. 
This is always possible since the only condition determining the form and 
location of the shell which has to be satisfied is that its periphery shall 
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coincide with the circuit. However, it is a simple matter to show that 
the torque exerted by the current on the magnet vanishes without intro- 
ducing a fictitious magnetic charge. The proof is given below; the two 
cases considered in the original paper being treated separately. 

Case I. The distribution of current in the sheet 1s symmetrical. In this 
case the lines of force of the field due to the current are circles in planes 
perpendicular to the axis of the magnet with centers on this axis. As the 
force on any current element at a point P in the magnet is perpendicular 
to the field at this point it lies in the plane determined by the axis and 
the point P. Hence it has no moment about the axis of the magnet. 
Therefore there is no torque exerted by the field of the current on the 
Amperian circuits in the magnet, no matter how asymmetric the mag- 
netization of the magnet may be. | 

Case II. The magnet is symmetrically magnetized. Take an annular 
ring of radius p and cross section ds about the axis of the magnet. Use 
cylindrical coordinates p, ¢, 2, the last named being measured parallel to 
the axis of the magnet. Let J,, Js, J, be the sums of the components of 
all the current elements of the Amperian circuits per unit volume in the 
directions of increasing p, ¢$, z respectively, the current elements of the 
current t being excluded from these sums. Denote by H,, Hy, H; the com- 
ponents of the field due to 7 resolved in these same directions and by 
dF,, dFy, dF, the components of the force exerted by H on the current 
elements comprised in J which are contained in the volume element 
pbdg¢ds. Then the only component of dF which has a moment about the 
axis is dFy. Now 


dF s=(—J,H,+J,H,) pdods 


But in a symmetrically magnetized bar J,=J,=0. Therefore the force 
fe vanishes, whatever H, and H, may be, that is, whatever form the 
current circuit 7 may have. It should be noted that symmetrical mag- 
netization does not mean that Jy=0 throughout the magnet, and it is 
only because J» does not enter the expression for dFy that we can conclude 
that dF% is zero. For instance, if the magnet is magnetized uniformly as 
well as symmetrically (intensity of magnetization constant and every- 
where parallel to the axis) J is zero in the interior of the magnet but not 
at the cylindrical surface. In this case the resultant effect is that of a 
solenoid wound around the magnet. Incidentally it may be recalled that 
in Our experiments symmetry of magnetization was tested by approaching 
a second magnet to the suspended magnet and noting whether or not a 
deflection was produced. 
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The only possible torques which have been neglected are (a) a torque 
on the magnet due to the field of the magnet, (b) a torque on the current 
due to the field of the current. Obviously there can be no torque (a). 
As regards (b) the treatment of case I above shows that there can be no 
torque of this character when the distribution of current in the sheet is 
symmetrical. When the distribution of current is not symmetrical the 
torque (b) on the portion of the current in the rotating system may not 
vanish and cases can be imagined in which it might be of appreciable 
magnitude, but it is obviously quite negligible in the usual set up such 
as was employed in the experiments described in our original paper. 

Finally, the rational distinction which we have made between torque 
on the current and torque on the magnet vindicates our claim that the 
experiments with a brass cylinder placed in a magnetic field prove ex- 
perimentally that the resultant torque is on the current and not on the 
magnet. 


SLOANE Puysics LABORATORY, 
YALE UNIVERSITY, 
December 3, 1925. 
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HARD EFFECT IN EVAPORATED FILMS OF IRON, COBALT: 
NICKEL, PALLADIUM, AND PLATINUM 


By H. B. PEAcock 


ABSTRACT 


Hall coefficients of evaporated films.—The Hall coefficients for films of 
Fe, Co, Ni, Pd, and Pt, 6 to 270uu thick, deposited on surfaces at a distance 
less than the mean free path from the evaporating filament, were measured. 
For films of the ferromagnetic metals, Fe, Co, Ni, the Hall coefficients were 
respectively 1.4, 4.9, and 7.8 times the values for the corresponding metals in 
bulk, these factors being in the order of the atomic numbers of the elements. 
For the paramagnetic, negative Hall effect metals, Pd and Pt, the Hall coeffi- 
cients were 0.66 and 0.64 times the values for the metals in bulk. The increased 
Hall effect for the films of the ferromagnetic metals seems closely related to 
ferromagnetism, although Ni, the least ferromagnetic of the three, shows the 
greatest variation. Films of Ir and Rh, formed at.a distance less than the mean 
free path from the evaporating filament, showed for Ir a positive Hall effect 
as in bulk, and for Rh no detectable effect. 

Specific resistance of evaporated films.—The ratios of the specific resis- 
tances of the evaporated films to the specific resistances of the corresponding 
metals in bulk were found to be 3.1 (Fe), 23.0 (Co), 25.0 (Ni), 4.4 (Pd), 14.0 
(Pt), 10.8 (ir), d2.0( Rb 

Saturation of the Hall e.m.f.—Curves show that the saturation of the Hall 
e.m.f. occurs for evaporated Fe at a slightly lower magnetic induction than 
for Fe in bulk; for Co, at about 12,500 gauss as compared with 13,500 for 
bulk; and for Ni, at about 2500-3000 as compared with 6000 for bulk. It is 
significant that the magnitudes of these variations from bulk values, like the 
corresponding variations in the Hall coefficient, occur in the order of these ele- 
ments in the periodic table. 

Effects of Heating.—Heating films of the ferromagnetic metals: during 
or after deposition decreased the Hall coefficients and specific resistances to 
approximately the values for the metals in bulk. It also caused a shift in the 
value of the magnetic induction necessary to produce saturation of the Hall 
e.m.f. toward that for the metals in bulk. No effect of heating was observed 
in the paramagnetic metals. 

Interpretation.—Evaporated films may differ from bulk metal in the size 
of the crystalline grains, in the nature of the material between them or in an 
asymmetry of the crystalline grains which may be an important factor in the 
causes of the Hall effect. 


INTRODUCTION 


TEINBERGt has shown that for evaporated films of the diamagnetic, 
negative Hall effect metals, silver and copper, the Hall coefficients 
were smaller than for the same metals in bulk, while for iron, which shows 
a positive Hall effect, this coefficient was considerably larger than the 


1 J. C. Steinberg, Phys. Rev. 21, 22.(1923). 
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bulk value. Also, for evaporated films of iron, the magnetic induction 
necessary to produce saturation of the Hall e.m.f. was about half as 
large as is required for bulk iron. For all of these metals, the Hall co- 
efficients were found to be independent of the thickness. He found the 
specific resistance of these films to be much larger than for the massive 
metals, which is in agreement with the work of Weber and Oosterhuis,? 
and also observed the usual critical thickness. He believed the Hall effect 
to be practically independent of the structure except as it affects the 
magnetic condition of the crystals. The work of Sorenson’ shows that the 
magnetic properties of evaporated ferromagnetic films are different from 
massive metals but no suggestion is offered as to the cause underlying 
the results observed by Steinberg on iron. 

The present study repeats Steinberg’s work on iron and extends the 
investigation to some other metals of the same group in the periodic 
table. This group of metals was chosen because it contains both para- 
magnetic and ferromagnetic elements as well as metals having positive 
and negative Hall coefficients. It is, therefore, possible to test whether 
the variations in the Hall effect in evaporated iron are due to its ferro- 
magnetism or to the fact that its Hall effect is positive. If it is due to the 
latter, cobalt and iridium might be expected to have similar variations; 
if due to ferromagnetism, nickel, in spite of its negative Hall effect, and 
cobalt, might be expected to give results similar to iron. 

On account of the difficulty of obtaining the metals in the proper form 
for evaporation, only iron, cobalt, nickel, palladium, platinum, iridium 
and rhodium were investigated. Of these, the last three and especially 
the last two were so difficult to evaporate**»®” that only a few films were 
studied. The effect of heat treatment during and after deposition was 
investigated in some of the films. Films of nickel and cobalt were ex- 
amined microscopically for crystal structure. 


EXPERIMENTAL 


The method of producing the evaporated films was the same as that 
used by Steinberg! with a few improvements in apparatus. Two micro- 
scope slides, one above and the other below the filament, were used for 
the deposition and by means of a heating element beneath the lower 


2 Weber and Oosterhuis, K. Akad. Amsterdam, Proc., 19, 597 (1917). 
3 A. J. Sorensen, Phys. Rev. 24, 658 (1924). 

4 J.H.I. Roberts, Phil. Mag. 25, 271 (1913). 

5 W. Crookes, Roy. Soc. Proc., A86, 461 (1911). 

6 Harker and Kaye, Roy. Soc., Proc. A88, 522 (1913). 

7 Kaye and Ewen, Roy. Soc., Proc., A89, 58 (1913-14). 
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plate, a temperature difference could be maintained between the two 
allowing deposition of two films under differing temperature conditions. 
The approximate temperatures were measured by means of very fine 
copper-constantin thermocouples held in close contact with the plates. 

The pressure in the tube during evaporation was in most cases 0.00075 
mm of mercury or less as indicated by a McLeod gauge. In the later 
experiments, a mercury vapor trap was inserted between the pumps and 
the tube to eliminate the mercury vapor from the tube. At the pressure 
used, all parts of the plates were well within the mean free path of the 
gas in the tube. 

The Hall effect, specific resistance and thickness were measured in the 
same manner and with the same apparatus as was used by Steinberg.’ 
In measuring the Hall e.m.f. by the potentiometer method, the average 
of a number of readings was taken with the field in both directions. 

The metals used were the purest that could be obtained in the proper 
form. Samples of the iron wire of Steinberg! and of Sorenson® were both 
used. One piece of nickel wire was obtained from Driver-Harris Company 
98.5 percent pure. Another sample was the same as used by Sorensen. 
In neither the iron nor the nickel was any difference detected in the 
different samples. The cobalt films were made from cobalt deposited 
electrolytically on coils of tungsten wire to a depth of 0.25 mm. The 
differences in melting points and depth of layer probably kept the deposit 
tungsten-free. The palladium was furnished by Eimer and Amend as 
“pure.” The platinum was Baker and Company’s “special commercially 
pure” and was said to contain 99.5 percent of platinum. Flat strips of 
iridium and rhodium were produced by grinding down with carborundum 
wires about 0.7 mm in diameter obtained from the N. E. L. A. Research 
Laboratory. 


RESULTS 


Hall effect and specific resistance. The values of the Hall coefficients 
and specific resistances for the evaporated films are shown in Table I in 
comparison with the values for bulk metals given by other observers. 
The Hall coefficient, R, is calculated from equation R= Ee/BI in which 
E is the Hall e.m-f., € the thickness of the film, J the current in the 
film, and 8 the magnetic induction at right angles to the plane of the 
film and to the current. The specific resistance is designated by p and the 
subscripts, e and b, refer to evaporated and bulk metals, respectively. 
The values of R, and p,. are the mean values for the number of films 
indicated deposited on places kept as cool as possible and at temperatures 
approximately the same. The thickness of the films. ranged from 13 to 
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134up for iron, 11 to 166up for cobalt, 6 to 270up for nickel, 10 to 204 up 
for palladium and 6 to 36uu for platinum. Averaging R. is justified since 
it is known to bea constant for all thicknesses for a given metal. In deter- 
mining p., only those films were included which were thicker than the 
critical thickness. The values of Ry differ greatly for different observers 
and there is some question as to what values to use. Smith’s® values for 
the first five metals were chosen because his paper also gives other data 
used. 


‘TABLE | 


The Hall coefficients and specific resistances for evaporated films and for bulk metals. 


Evaporated Metals Bulk Metals 
No. of  ReX10?(e.m.u.) pe X 10°(ohms) Rp X 103 pb X 108 Re 
Metal films Value Meandev. Value Mean dev. (e.m.u.) (ohms)!2 Rp 


c=) 
s 


| 


zo) 
~~ 


26Fe 14 +16 3 35 13 1.08 10 thea Be | 
21Co £20429 5 216 63ye > 5.388 ony: 4.9 °23'.0 
28Ni 227-99 3 200 Doe. 12 128 hoa peo el) 
46Pd Gn OL 57 0.07 49 14-0865 11 Ov66" 4.4 
78Pt S20 13 0.03 140 Oem 0.2028 10 O04 781450 
rir 2F + 0.034 0.002 66 5 + 0.4029 Ont oe t0 es 
a5 Khe 22 No net ee wii 3 No 4.69 1250 
effect data 


*Since iridium and rhodium films were not deposited within the mean free path, 
these results must not be considered as conclusive. 

The Hall coefficients of the evaporated paramagnetic metals are 
smaller than in bulk as was found by Steinberg! for the diamagnetic 
metals, silver and copper; while for the ferromagnetic metals, these 
coefficients are larger than in bulk as was found by Steinberg for iron. 
It must be concluded that the increased Hall effect in evaporated films 
is a characteristic of ferromagnetism rather than of the sign of the Hall 
effect. These variations from bulk, being in opposite directions for 
different metals, practically eliminate the possibility that the observed 
results are due to an error in assuming the density of the films to be the 
same as in bulk. 

Effects of heating. Heating films of iron, cobalt and nickel to a tem- 
perature of about 300°C during evaporation had the effect of reducing 
both R, and p. nearly to the values for the massive metals. For two films 
deposited at the same time and under the same conditions except for a 
temperature difference of about 100°C, both R,. and p,. were from 25 to 
60 percent smaller for the heated film. The effect of heating after deposi- 
tion was also investigated in nickel films with approximately the same 
results. 


8 A, W. Smith, Phys. Rev. 30, 1 (1910). 
9H. Zahn, Ann. d. Physik 16, 148 (1905). 
10 Smithsonian Tables. 
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No effect of heating was observed in the non-ferromagnetic metals. 

Saturation effects. It is known that with the ferromagnetic metals the 
equation R=Fe/8I fails to hold for the larger values of 8 and the Hall 
e.m.f. is said to become saturated. Steinberg! has shown that for evapor- 
ated iron this saturation occurs at a much lower value of 6 than for bulk 
iron. This result is confirmed only in a general way. Fig. 1 shows Ee/I 
plotted as a function of 6 for iron. Curves A, B, C and D, are for evapor- 
ated films and the other curve for bulk iron is taken from Smith’s® paper. 
These curves show saturations at an induction only slightly less than 


Fig. 1. Saturation of Hall e.m.f. and effect of heat treatment in evaporated iron. A and 
C are for films heated at a higher temperature. 


for bulk metal. Similar curves for cobalt are given in Fig. 2 showing 
saturation at about 12,500 gauss as compared with 13,500 for bulk. Figs. 
3 and 4 show corresponding curves for nickel. For the evaporated films, 
saturation occurs at about 2500 to 3000 and for bulk at about 6000. 

These curves also show effects of heat treatment of the films which 
are evidenced in two ways. In the first place, the slopes of the curves 
give the values of the Hall coefficients, which have been shown to be 
larger for the less heated films. In Fig. 1, curves A and C are for iron 
films deposited on heated surfaces, B and D, on surfaces kept as cool as 
possible. Films A and B were deposited at the same time. Similar curves 
for cobalt are given in Fig. 2. Curves A and B are for films made at the 
same time, A being slightly more heated. C is for a film deposited on an 
especially hot surface, the definite temperature of which is not known. 
In the curves of Fig. 3 the pairs A,B and C,D are for nickel films made at 
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the same time, respectively, A and C being deposited at the higher tem- 
peratures. Fig. 4 shows effects of heating nickel films after deposition. 
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Fig, 2. Saturation of Hall e.m.f. and effect of heat treatment in evaporated cobalt. 
C is for a film heated at a higher temperature. 
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Fig. 3. Saturation of Hall e.m.f. and effect of heat treatment in evaporated nickel. 
A and C are for films heated at a higher temperature. 
Curves E’ and F’ are for the same films as E and F, respectively, taken 


after heating F’ to the softening point of glass and E’ to approximately 
100°C less. 
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The second effect of heating shown in these curves is a shift in the 
magnetic induction necessary to produce saturation. This effect is 
evidenced only in nickel and cobalt although the effect may be true for 
iron as well. In the heated films, C for cobalt and A, C and F’ for nickel, 
it is evident that the value of the saturating induction is approaching 
that shown by Smith for bulk metals. 
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Fig4 
Fig. 4. Saturation of Hall e.m.f. and effect of heat treatment in evaporated nickel. 
E’ and F’ are the same films as £ and F after heating. 


Microscopic study. Several of the nickel and cobalt films were examined 
microscopically for crystal structure. Cobalt films were etched with 
picric acid and alcohol and nickel films with nitric acid and alcohol. 
Ata magnification of about 300, evidence of structure was observed both 
by transmitted and by reflected light. Before etching, the films appeared 
quite smooth with no trace of crystal boundaries. 


DISCUSSION OF RESULTS 


An interpretation of the above results should be based on a considera- 
tion of the probable physical state of evaporated films. Langmuir" has 
suggested the possibility of forming by evaporation either amorphous 
or crystalline metals depending on the temperature of the surface of 
condensation. This view is confirmed by the ultramicroscopic investiga- 
tion of Reinders and Hamburger” in which they observed crystal growth 
in evaporated metal films in changing from liquid air temperature to 
4 T. Langmuir, Am. Chem. Soc., J38, 2221 (1916). 


* Reinders and Hamburger, K. Akad. Amsterdam, Proc. 19, 958 (1917); ibid. 20, 
1135 (1918). 
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room temperature. They were unable to obtain silver without crystalline 
structure but tungsten formed a deposit at the temperature of liquid air 
which could not be resolved. At room temperature, all of the films showed 
structure. Since the films of the present investigation were all deposited 
at temperatures considerably above room temperature, they were prob- 
ably crystalline, a conclusion which is supported by microscopic examina- 
tion. Three possible ways in which these films may differ from bulk 
metal are suggested. (1) The observed effects of heating indicate that 
the crystalline grains may be smaller; (2) since the films were not worked, 
the material between the crystals may be more porous and spongy, con- 
sisting possibly of amorphous metal or of very minute crystals with 
actual gaps between; (3) because of the method of depos:tion, the 
crystalline grains of the films may differ in structure from those of the 
metal in bulk. The observed results will now be discussed with these 
ideas in mind. 

The high specific resistances found in the present study are in agree- 
ment with the results of Weber and Oosterhuis? and of Steinberg.! Also 
in the investigation of Reinders and Hamburger” referred to above, it 
was found that increasing crystal size was accompanied by a decrease of 
resistance which agrees with the results of the heat treatment of iron, 
cobalt and nickel. Thompson" has shown in an investigation on bulk iron 
that the resistance becomes smaller as the crystals are made larger by 
annealing. These results seem to lead to the conclusion that the high 
specific resistance in these evaporated films is due in part to smaller 
crystalline grains. The heating may also affect a difference in the material 
between the grains. 

An explanation of the mechanism of resistance, which might come 
under the third possible difference listed above, is suggested by Héjen- 
dahl who attempts to explain certain conduction phenomena on the 
basis of the rotation of the elliptic orbits of the valence electrons. This 
suggests a need of x-ray and optical investigation of these films. 

Greater difficulty is encountered in explaining the Hall effect phenom- 
ena because the difference between the Hall coefficients for evaporated 
films and for metals in bulk are of opposite sign for the ferromagnetic 
and non-ferromagnetic elements. On the basis of the belief that the 
crystalline grains are smaller and in less intimate contact in the evapor- 
ated films than in bulk, the low Hall coefficients for the non-ferromagnetic 
metals may be quite well accounted for by assuming that only the 
crystalline grains contribute to the Hall effect, and that the measured 


18 F, C. Thompson, Phil. Mag. 31, 357 (1916). 
14K. Hojendahl, Phil. Mag. 48, 349 (1924). 
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current through the film is carried to a larger extent by the gaps between 
the grains than in bulk, making the current through the crystalline grains 
themselves smaller than the measured value. Since R= Ee/BI, using a 
current which is too large would have the effect of decreasing the value of 
R. With the exception of this error in the value of the current, one should 
expect the same R for the same material.” A further test of the effect of 
small crystalline grains might be made by thorough heat treatment of 
these films, if we may assume that high temperature promotes crystal 
growth. . 

In the ferromagnetic metals, the situation is evidently quite different, 
for, as has been shown, the Hall coefficients for evaporated films are 
considerably larger in absolute value than for the metals in bulk. If the 
above explanation is valid for the non-ferromagnetic metals, there must 
be a similar effect in iron, cobalt and nickel, which is hidden by a greater 
effect in the opposite direction. That this latter effect is closely related 
to ferromagnetism is- evidenced by the fact that nickel, in spite of its 
negative Hall effect, behaves in a manner similar to iron and cobalt; 
however, it is difficult to conceive of a change in magnetic properties that 
would produce the greatest changes in nickel, the least ferromagnetic 
of the three. That there are differences in the magnetic properties of 
these films is seen from a consideration of Sorensen’s?: results, but no 
specific correlation with the present results is suggested. 

It seems from the above considerations that there must be some funda- 
mental change in the Hall effect in the separate crystalline grains to 
account for the observed results on iron, cobalt and nickel. An alteration 
of the atomic fields of force by some distortion of the crystalline grains 
or other asymmetry resulting from the conditions of deposition may offer - 
a possible explanation. | 

The present results on the saturation of the Hall e.m.f. might seem to 
indicate a lack of proportionality between the Hall effect and the intensity 
of magnetization in iron, cobalt and nickel as found for these metals in 
bulk by DuBois'® and Kundt.17 This is not a necessary conclusion, 
however, since no magnetic measurements have been made on thin films 
magnetized normally to the plane as in Hall effect measurements. 
Inasmuch as H must be small, on account of the demagnetizing effect 
in a thin film, B is probably nearly equal to 47J, but the actual relation 
is unknown. 


* G. W. Stewart, Phys. Rev. 17, 232 (1921). 
*° H. G. J. DuBois, Ann. d. Physik 31, 491 (1887). 
“ A. Kundt, Ann. d. Physik 49, 257 (1893). 
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Smith’s® results on the variation of the Hall effect with temperature 
should be noted. The Hall coefficients with increasing temperature in- 
creased for the ferromagnetic metals and decreased for the non-ferro- 
magnetic metals. This is similar to the above results. Also, he observed 
a similar decrease in the value of the magnetic induction necessary to 
produce saturation of the Hall e.m.f. in the ferromagnetic metals. 

The average values of the Hall coefficients for evaporated iron, cobalt 
and nickel are 1.4, 4.9 and 7.8 times, respectively, the values for the 
metals in bulk. The magnetic induction necessary to produce saturation 
of the Hall e.m.f. is for nickel about 60 percent lower than in bulk, for 
cobalt about 8 percent lower and for iron only slightly lower. These 
results seem significant when we consider that in both cases these varia- 
tions are in the order of the atomic number of these elements and may 
indicate some fundamental relation to atomic structure. If the increase 
in the Hall effect is due to an asymmetry in the crystals, then there is a 
causal atomic change related to the increase in atomic number. 

In conclusion, the writer wishes to express his appreciation to the 
members of the Department of Physics of the State University of Iowa 
for their assistance and interest, and especially to Professor G. W. Stewart 
under whose direction the work was carried on. 


PHYSICAL LABORATORY, 
UNIVERSITY OF Iowa. 
December 23, 1925. 
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NOTE ON THE MAGNETIC PROPERTIES*OF 
RARE EARTH OXIDES . 


By E. H. WILLIAMS 


ABSTRACT 


The magnetic susceptibility of three very pure rare earth oxides, namely 
those of cerium, holmium and praseodymium, have been measured and found 
to be 0.1410~*, 229107, and 13.4X10-* dyne cm per gm respectively. 
The spectroscopic and atomic weight analyses for the purity of one of the 
elements have been checked by magnetic susceptibility measurements. The 
latter were found to be in good agreement with the former. 

Resolution numbers obtained from a theory based by Jakob Kunz on the 
anomolous Zeeman effect have been compared with magnetic susceptibilities 
obtained by the author in this and previous papers and found to be consistent 
therewith. 


HE scarcity of rare earths of very high degree of purity renders it 

desirable to make magnetic measurements on them when once they 
are obtained. For several years B. S. Hopkins of the Chemistry Depart- 
ment of this university, together with his assistants and students, has 
been engaged in the purification of rare earth elements and in chemical 
measurements upon their compounds. In previous articles! the author 
described the results of magnetic susceptibility measurements on some 
rare earth oxides at both high and low temperatures. Since the time of 
the above measurements the oxides of three more elements, namely, 


cerium, holmium and praseodymium, have been obtained in a very high 


state of purity. 

The Curie balance method employed was the same as that used in 
the previous measurements. No attempt was made to vary the tempera- 
ture, all measurements being made at room temperature and reduced to 
20°C by applying Curie’s law for paramagnetic substances. In no case 


did the room temperature differ by more than two or three degrees 
from 20°C. 


TABLE [ 


Magnetic susceptibilities 
Temperature, 20°C. 


_ Substance x X 10° dyne cm/gm 
Cerium oxide 0.14 
Holmium oxide 229.0 
Praseodymium oxide 13.4 


' E. H. Williams, Phys. Rev. 12, 158 (1918); 14, 348 (1919). 
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The results for the magnetic susceptibility per gram for the three 
oxides are shown in Table I. The purity of each of the oxides was 99.5 
percent or better. 

In the first paper referred to above the author pointed out that when 
only two substances are involved the magnetic test is reliable in the 
analysis of substances. About the time the above measurements were 
being made, Dr. John Wierda of the Department of Chemistry was 
determining the atomic weight of praseodymium. To check the spectro- 
scopic and atomic weight analyses which he was making, magnetic 
susceptibility tests were made. Samples of praseodymium oxide at 
successive stages in the process of purification were measured. The 
results are shown in Table II. 


TABLE II 
Magnetic susceptibility of samples of praseodymium oxide 
Sample x X 10° dyne cm/gm 
No. 23 9.3 
No. 24 15526 
INOs229 13.23 


These magnetic values indicate that sample No. 24 was as pure as 
sample No. 25. Atomic weight and spectroscopic tests gave the same 
results. 

In a theory soon to be published Jakob Kunz arrives at certain numbers 
which give the resolution in the Stern and Gerlach experiment, 1.e., the 
number of atomic beams which one would expect on the basis of the 
anomalous Zeeman effect. This resolution number is intimately connected 
with the magnetic susceptibility. In order to test this theory, the num- 
bers that apply to the rare earth elements measured in this and the two 
previous papers are compared with the corresponding values of suscep- 
tibility in Table ITT. 


TABLE III 
Substance Resolution No. x X 10°dyne cm/gm 

(20°C) 
Lanthanum oxide 4 —0.4 
Yttrium oxide 4 0.53 
Cerium oxide 9 0.14 
Samarium oxide 9 6.0 
Praseodymium oxide 1 1334 
Neodymium oxide 13 29.6 
Gadolinium oxide 13 130.1 
Erbium oxide Zt 189.0 
Dysprosium oxide 4s | 234.0 
Holmium oxide i? 229.0 
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In general it is seen that there is good proportionality between the | 
resolution number obtained by Kunz and the magnetic susceptibility, 
values found by the author. The discrepancies may be sia | to the fact 
that the oxides were used instead of the elements. . 
The fact that, in the theory of Kunz, the resolution ee. of the — 
atom for some of the rare alt elements are larger than those of any 
other elements gives special significance to their magnetic properties. 
The resolution numbers of erbium, dysprosium and holmium are more — 
than twice that of iron and therefore we should expect these elements in 
the pure state to have very high magnetic susceptibilities. Thus far it — 
has been impossible to obtain any of these elements in the pure state — 
and thus to test this part of the aay | t 


Puysics LABORATORY, 
UNIVERSITY OF ILLINOIS. 
December 23, 1925. 
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ACOUSTIC TRANSMISSION WITH A HELMHOLTZ 
RESONATOR OR AN ORIFICE AS A BRANCH LINE 


By G. W. STEWART 


ABSTRACT 


The author’s theory of acoustic transmission in a conduit with a branch 
line is extended to the cases of a Helmholtz resonator and an orifice attached 
as branches. The effect of viscosity is included in an approximate form. 

Helmholtz resonator. The components of the point impedance of the branch 
are found to be: Z, = (2wpyu)2(rR3) AL and Z,=pw/c—pa?/ Va+(2wpp)” 
L(rR*)", wherein w=27 frequency, p is. density, u, viscosity, R, radius of 
orifice, L, its equivalent length, a, the velocity of sound, and V, the volume 
of the resonator. Experimental verification of the theory 1s obtained and in addi- 
tion there is found the approximate value of a simple channel equivalent in 
viscosity effect to the orifice of the resonator. The serious diminution of trans- 
mission caused by the resonator is not limited to the neighborhood of the 
resonance frequency but extends over a range of two octaves. 

Orifice. The components of the point impedance of the branch are found 
to be the same as those of the Helmholtz resonator, but with the term con- 
taining V omitted. Experimental verification is obtained with sizes of orifices 
from 7 percent to 42 percent the diameter of the conduit. The radiation from 
such orifices 1s shown to be relatively small and thus their impedances are prac- 
tically imaginary. Transmission in the conduit increases with frequency. Action 
of orifices in musical instruments is explained by the theory. Relative values of 
radiation and transmission are shown by computation. 


HIS is a continuation of the theory of acoustic transmission with 
branch lines and its purpose is a detailed investigation of the cases 
cited in the title. 
Helmholtz resonator. In the previous article! was deduced the general 
expression for transmission, 


(P'/P)?= [(Z24Zpa/2S+Z.2)?+ (paZ2/2S5)?|X 
[(ZiFpa/2S)?+ 227]? 


wherein P’ and P refer to the actual pressure at the junction point of 
branch and conduit, Z; and Z, the components of the point impedance 
of the branch line, Z=Z,+7Z., p is the density of the medium, a is the 
velocity of sound and S is the area of the conduit. 

It was also shown that, neglecting viscosity, for the case of the Helm- 
holtz resonator, Z;=0 and Z,=pw/c—pa*/Vw in which w is 27 times the 
frequency, c is the conductivity of the orifice and V is the volume of the 
chamber. The above general equation is then reduced to 


|P’/P|?= {1+ [482(k/c—1/kV)?]3} 7 (2) 


1 Stewart, Phys. Rev. 26, 688 (1925). 
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The approximation will be made that the effect of the viscosity in the 
orifice is equivalent to the viscosity in a channel of length L. The equation 
of motion of the gas in such a channel in which the layer adhering to the 
wall is small in comparison with the diameter, is? 


oXdx+(Lewpy)’ O/S(X+1/w -X\de=paex Joan = 


Herein O is the perimeter, S is the area, yp is the coefficient of viscosity, 
and dx is the element of length of the tube. On the basis of assumption 
already stated the velocity at a distance from the walls may be regarded 
as X /S. For a channel as short as here supposed, X may be regarded as 
the same throughout the length Z at any instant, and consequently X 
and 02X/dx*, which are proportional to X in a tube of constant cross- 
section, may be also regarded as similarly constant. After integrating 
over L, dividing by S, and substituting the values of O and S in terms of 
the radius R, the following is obtained 


[oL/S+(2wpy)!/2(rRw)L] X + (2wpy)2(ar R83) ALX 


| (4) 
=pae?X/dx?- L/S . 


From the fundamental equations of plane waves, pa?0X /dx = — Sdp/dx, 
p being pressure, and consequently the right hand member is the differ- 
ence in pressure acting on the mass in the channel. This is P’—pa?2X/V, 
if X is the inward displacement into a Helmholtz resonator of volume 
V for the pressure exerted on the capacitance is pa2X/V. Since pL/S is 
really the inertance of the channel, it should be replaced by p/c of the 
actual orifice. When these substitutions are made and the relationship 
X =iwX = —wX is applied, there results, 


{ (2epu)!/2(. R38) ; L+i|pw/c—pa?/Va+(2wpy)? 


é 5 
* (rR) | | ee ss 


The coefficient of X is the impedance of the resonator and consequently 
we may write at once the values, 


Zi=""( (Zapp) imi? ale 
Z2=pw/c—pa?/Vw+(2Qwpy)!/? - L(rR3) . 


If the values of Eq. (6) be now substituted in Eq. (1), the transmission 
can be computed for any frequency. Z,, upon which dissipation obviously 
depends, vanishes with u as would be anticipated. Z2 depends upon the 
inertance and capacitance of the resonator, and the effect of viscosity is 
virtually an addition to the inertance or the subtraction from the capaci- 
tance of a function varying with w and p. 


(6) 


* Rayleigh, Theory of Sound, Vol. II, §347, Eq. (10). 


ACOUSTIC TRANSMISSION 489 


The orifice. If there is an orifice without the resonator, the correct 
expression for the pressure acting on the mass in the channel is no longer 
(P’—pa?X/V) but (P’—p(ka/2r)X) where the second term in the 
latter® is the dissipative force at the opening. Making this substitution 
in (4) and proceeding as before, there is obtained 


{ pk2a/2e+ (2ewpu)!!2(eR%)* » L+i[pw/c+ (2wpy)!!? 


X(eR) : L)}X=P’ . 7) 


Thus, 
Z1 = pk?a/2r+(2Qwpp)!/2(rR3)-! - L , 


b (8) 
Z2=pwo/c+ (apy)? (rR3) - L . 


Thus, dissipation depends upon both viscosity and radiation, while the 
inertance is affected by the presence of viscosity. The values of Eq. (8) 
may now be substituted in Eq. (1) and the transmission computed for 
any frequency. 

Experimental and theoretical results. The circles on the plot of Fig. 1 
show the experimental values of | P'/P. |? as taken by an ear comparison 
method of intensity measurement! which is sufficiently accurate for the 
present purpose. In computing the theoretical results, the only un- 
certainty is the selection of the value c, for the conductivity of the orifice. 
Were it an orifice in an infinite plane wall, we have given the well-known 
theoretical’ inferior and superior limits for the corrections to the length 
of one end of the channel; namely .785R and .85R. But it is known that 
the correction without a flange is distinctly less, approximately .6R. The 
correct value for the present cases of an opening in a tube with or without 
a chamber, is not known and therefore must be selected. The writer has 
somewhat arbitrarily chosen the inferior theoretical flange value, .785R, 
making the total correction of length 2.785.R or tR/2. The error will 
not be great and can be ascertained by later experimental refinements. 
The value of c is thus 7R?/(L+7R/2). 

The curve drawn in Fig. 1 has been computed in accord with Eq. (1) 
with the values of Z; and Z» given by Eqs. (6). It is found by trial that 
for any value of L comparable to the length of the orifice, the curve is 
not altered by assuming w=0 or by using (2). The dotted curve with 
ordinates designated on the right shows the computed response of the 
same Helmholtz resonator in the open with a source of sound producing 

3 Rayleigh, Theory of Sound, Vol. II, §311. 

4 The method used is really an improvement of that discussed in the Phys. Rev. 20, 


528 (1922), and will be described in a later article. 
5 Rayleigh, Theory of Sound, Vol. II, 183. 
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a pressure P at the resonator when the orifice is closed. If the internal 
variation of pressure is G, the ordinates represent® | G/P | ? and indicate 
the sharpness of response of such a resonator as ordinarily used. 

Fig. 2 is similarly prepared for the case of a small orifice, the chamber 
being reduced in size also so that the computed minimum transmission 
without viscosity is at approximately the same frequency as in Fig. 1. 
Curve a is the theoretical curve omitting viscosity and curve b the com- 
puted one using the values given in Eq. (6), assuming p= -00018 and L 
= .09 cm or six times the actual length of the orifice. 
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Fig. 1. Helmholtz resonator as a branch. 


There are several points of interest in the comparisons. First, it is 
noticed that the resonator seriously influences transmission for more 
than an octave in either direction. This is hardly to be anticipated from 
the sharpness of the action of the resonator as ordinarily used and as 
indicated by the dotted curve in Fig. 1. Second, the comparison of 
experiment with theory justifies the assumption of an equivalent channel 
as a close approximation to the effect of viscosity in the region of the 
frequency of minimum transmission. This experiment is, in fact, an 

6 Rayleigh, Theory of Sound, Vol. II, §311. 

| G/P P=[(1-#V/c)?+ (RV /27)?]7 
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approximate method of determining the equivalent length of this channel 
in this frequency region. Computation shows that a change of 10% in 
the assumed L, will produce a noticeable inferiority of agreement with 
experiment. Third, the comparison of theory and experiment gives entire 
confidence in the former. The variations from theory are probably 
caused by experimental inaccuracies. 

Experiments with an orifice are perhaps more interesting because such 
cases occur frequently. Fig. 3 shows the dimensions of the orifices used, 
the square root of the observed transmission is indicated by marked 
points and the computations from theory are represented by a full line 
curve. The values last named are obtained by substituting the values 
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Fig. 2. Effect of viscosity in the orifice. 


of Z,; and Z, of Eq. (8) in Eq. (1) but first assuming w=0. If the value, 
= .00018, be used, no appreciable change in the curves results, even with 
the smallest orifice. Curve 4, Fig. 3, does not agree with the observed 
points and this is doubtless because, as the orifice becomes larger, the 
value of c is less and less approximately the value for the orifice opening 
into an infinite plane. If its value is increased arbitrarily to 0.74, the 
agreement with observations is satisfactory. Obviously there is here 
suggested a method of measuring c. It should be mentioned that this 
experimental value of 0.74 proves to give agreement of theory and 
experiment in the case of a Helmholtz resonator as a branch having the 
same orifice. In order to test the influence of radiation from the orifice 
into the open, the value of Z,, Eq. (8), is placed equal to zero in Eq. (1). 
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The resulting changes in the lowest curve are shown by the dotted curve 
in Fig. 4. This is the case of the largest orifice. The change 1s surprisingly 
small. It should be stated that in the theory the radiation is assumed to 
occur from a hole in an infinite plane wall, an approximation not un- 
satisfactory because of the small amount of radiation. Fig. 4 also shows 
the data and computations at higher frequencies using the largest orifice. 

The above comparisons of theory and experiment present several 
points of interest. First, orifices in a conduit diminish transmission with 
a magnitude increasing with decreasing frequency. Second, neither 
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Fig. 3. Orifices as branches of a conduit. 


viscosity nor radiation seriously influences the value of transmission in 
the cases cited. Third, the diminution in transmission is not caused by 
a loss of energy but by the inertance of the’ orifice which produces a 
reflected wave. 

While the foregoing refers to a wave transmitted in one direction, the 
general effect produced in a resonant musical instrument can be under- 
stood. Consider the opening of a key on a clarinet. There is a reflected 
wave from the opening, as if it were an open end of a pipe and this con- 
dition, as is well known, enables the resonant tone for that pipe length to 
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be established. The intensity of the incident wave becomes very large 
and consequently the sound escaping from the bell of the clarinet is 
made sufficiently large. Thus it is noticed that most of the sound escapes 
from the bell of the clarinet and not from the orifice. This wave reflected 
from the orifice would be a detriment to the establishment of any tone 
not in resonance. The radiation from the hole is small in comparison 
with the transmission along the tube and subsequent radiation from the 
bell. This phenomenon may be explained in the following terms: the 
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Fig. 4. Difference in transmission caused by radiation. 


impedance of an orifice is approximately, but not entirely, imaginary, 
and hence practically wattless, whereas the impedance of an infinite pipe 
or conduit is real and has no wattless component. A number of years ago 
Boehm’ noted that the transmission along the axis of the flute was much 
greater than through an orifice having an area as large as the cross- 
section of the conduit. The above discussion supplies the explanation. 

I wish to acknowledge the valuable assistance of Mr. W. D. Crozier in 
these experiments. 


DEPARTMENT OF PHYSICS, 
UNIVERSITY OF IOWA, 
January 5, 1926. 


7 Theobald Boehm, ‘‘On the Flute,’”’ translated and published by D. C. Miller. 
See p. 25. 
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THE TUBE AS A BRANCH OF AN ACOUSTIC CONDUIT? Tits 
SPECIAL. CASE OF THE OQUINCKE TGae 


By G. W. STEWART 


ABSTRACT 


The author’s theory of acoustic transmission in a conduit with a branch 
line is extended by obtaining the thoretical values of the components of the 
point impedance of a closed and of an open tube. 

The branch an open tube. The components of the impedance of the branch 
are Z;=(pwk/2r)D— and Z2=pw/cot+[pw/ko- sin kl cos kl+-pw/c (cos?kl—sin?kl) 
—kopw(k?/402+1/c?)sin kl cos ki]|D—, wherein D=k’o?(k?/4a?+1/c?) sin? kl 
+cos?kl—2ko/c sin kl cos kl, p is the density, w=27X frequency =k X (sound 
velocity), coand c are the conductivities of the conduit orifice and distant orifice 
respectively, o is the area and / is the length of the tube. These values of 
impedances are used in computing the transmission through the conduit in 
accordance with fundamental theory (Phys. Rev. 5, 26, 688 (1925)). A com- 
parison with experiment shows agreement. The transmission when the tube is 
at resonance is very different from the case of the same orifice without the 
tube. 4 

The branch a closed tube. The above values of impedance reduce to Z,;=0, 
and Z2.=pw/c)—pa/(o tan kl). The theory of transmission thus established is 
that of the Quincke tube. The selectivity is not sharp as is the cylinder in the 
open, the effect being marked over a total range of an octave. The effect of 
viscosity in increasing the minima of transmission is shown. 

The branch an impedance of any kind. If the point impedance of the attach- 
ment be known, then to its imaginary component may be added pw/co and 
both components used in the original formula for transmission. Also if such 
an attachment is by means of a tube of constant cross section, the theory will 
give the transmission. 


THEORY 
HE theory previously established for the influence of branch lines 
on acoustic transmission! shows that the ratio of the energy flow in 
the transmitted wave to that in the incident wave is 


[(Z2+Z1pa/2S+Z22)?+ (paZo/2S)?]|(Zitpa/2S)?+Z2]>. 


Here p is the density of the medium, a the sound velocity, S the area of 
the conduit and Z; and Z, are the components of the point acoustic 
impedance Z=Z,+%Z>, defined as the ratio of the excess pressure and 
the volume-current, all three quantities being regarded as complex. The 
computed values depend upon a knowledge of Z; and Zz. The purpose 
of this contribution is to establish the expression for the values of 21 
and Z, for any length of tubular side branch, open or closed, and in fact 


' Stewart, Phys. Rev. 26, 688 (1925). 
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for any attachment, the point impedance of which is known, connected 
to the conduit by a tube of constant cross-section. 

Consider a tube of diameter small in comparison with a wave-length, 
making the wave front perpendicular to the axis. Let the displacement 
be &, positive with the axis x of the tube. It can then be shown? that, 
in case of a simple harmonic vibration: 


0*p/dx?+0/dx (log o) - 0p/dx+k?2p=0 (1) 
0£/d22+0/dx (log o) « J£/x-+02/dx? (log o) - E+22E=0 (2) 


wherein # is the pressure, k is 27 divided by the wave-length, and @ is the 
area of the tube. 
The solutions of the equations take the form? 


po=a' pits’ xX, ; X2=c'pitd'’ xX, (3) 


wherein the subscripts, 1 and 2, refer to the open ends of the tube at x; 
and x2, X2 >i, X is o£, or the volume displacement, and a’, b’, c’ and d’ 
are constants the general values of which are indicated by Webster.? 
Eq. (3) may be written in terms of X; and then from the two may be 
obtained the following: 


OS pi/X1= (iwZo'd’ — b’) (c'w?Zo' +iwa’)- C (4) 


Herein Z;’ and Z.’ are complex impedances defined by Z = pi/X 1; and 
Za py er Assuming a cylindrical tube, o is constant, and Webster’s 
values of the constants become: a’=d’=coskl, b’=(8/c) sin kl, c’ 
= —(¢/8) sin kl, if B is written for pa2k. Eq. (4) then becomes 


Z1'=(B/c) [iwZ.! cos kl— (8/c) sin RI] 


5 
X [iw(B/o) cos kl—w*Z,’ sin kl (5) 


If the attachment of the tube to the conduit be at x;, then Z2’ is the 
point impedance of the other end, x2. Eq. (5) then gives the point 
impedance of the tube for any attachment at its terminus, if the point 
impedance of the attachment, Z2’, is known. In the actual arrangement 
here discussed, there should be added to Z,’, the inertance of the orifice 
into the conduit. As shown in an earlier paper,? this is pw/co, the subscript 
of co being used to distinguish it from the conductivity of the open end. 

If the distant end of the tube is open, the value of Z’2 is that of an 
orifice,® (ok?a/27+7zpw/c), wherein a is the velocity of sound and ¢ is the 
conductivity of the orifice. 

2 For example see A. G. Webster, Proc. Natl. Acad. Sci. 5, 275-282 (1919), Eqs. (21), 
and the solutions Eq. (24). 


’ Stewart—preceding paper in this issue. In Eq. (8), if 1=0, the value quoted in 
second reference follows by adding Z; and 7Z». 
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When to Eq. (5) there is added pw/co and there is inserted the value of 
Z,' for the open end, the following components of impedance are readily 
found: 


Z1=(pwk/2r)D™ 


Z2=pw/cot | /ko . sin kl cos kl-+-pw/c(cos? kl—sin? Rl) 


(6) 
k? 1 
— hope + —) - sin ki cos al| x Dae 
Ar? c? 
) k? 1 2ko 
if De a -) sin? kl+ cos? kl— sin kl cos kl . 
Ar? Ce C 
If the cylinder is closed, Z2’= ©, Z1'=— (ipa/o) cot kl, and 
Zi 0h and Z2=pw/co—pa/(o tan kl) (7) 


It is to be observed that in obtaining Eqs. (6) the value of Z2’ was 
obtained as if the cylindrical tube opened into an infinite plane. Any 
attachment whatever can be made at this point and, if its point im- 
pedance is known equations corresponding to (6) can be obtained by 
appropriate substitution of Z,’ in Eq. (5). 

Given the values of Z; and Z: in any case, the substitution may be 
made in the value of the transmission given in the first paragraph. The 
selection of the values of co for the entering orifice of the conduit and of ¢ 
for the other end is a matter of judgment as experimental knowledge is 
lacking. In a previous article’ it was explained that the correction to the 
length at the conduit end would be made .785R or co=4K. Inasmuch as 
experimental values of the correction* for the open end average about 
57R, the conductivity of the open end would be c=7R?/.57R=5.5R. 
These two values will be used in the computations. 


EXPERIMENTAL RESULTS 


As illustrative of the application of the equations, the experimental 
results for the closed and the open tube will be shown. 

Fig. 1 shows the square root of the transmission in the case of the 
closed tube. The points represent observations made by an ear com- 
parison method previously described,* and the full line represents the 
computations using the values of Eq. (7) in the expression 


[(Z2+Z1pa/2S+Z22) + (paZo/2S)?]"2[ (Zit pa/2S)?+Z2?|7 


or the square root of the transmission. The difference is two-fold. First, 
the experimental curve does not have a minimum of zero. This is prob- 


4 See Barton, Text Book of Sound, p. 251. 
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ably caused by dissipation through viscosity. Second, the computed 
points are displaced toward smaller frequencies. This is accounted for 
by our consistent adherence to the value of cj =4R. It is obvious that, 
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Fig. 1. The closed tube as a branch. 


although this value may be satisfactory where the orifice into the branch 
is small in comparison to the area of the conduit, yet in the present case 
it cannot be a correct value, for the end does not open out into free space. 
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Fig. 2. The open tube as a branch. 
In this value of cp must be acknowledged an unavoidable approximation. 


The dotted minima indicate the computations with ¢)= ©. Undoubtedly 
viscosity accounts for the increase with frequency of the transmission at 
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the minimum. The variation between experiment and theory is suffi- 
ciently small to indicate the essential accuracy of the theory. 

Fig. 2 shows the case of an open tube approximately twice as long as 
the closed tube in Fig. 1. The effect of viscosity should be greater and in 
addition there is radiation. The curves seem to verify this. The dotted 
line shows what would be expected if J were zero. It is obvious that it 
does not and should not give the same transmission as that at the mini- 
mum with the resonating tube. The minima increase with frequency, 
indicating an increased radiation and increased viscosity. Comments 
concerning the value of co would be similar to those just given in regard 
to Fig. 1. 


QUINCKE’S TUBE 


It is evident that this theory of the closed cylinder covers the case of a 
Quincke tube which is merely a side tube that decreases transmission at 
its resonance frequency. Without viscosity the reduction is complete 
irrespective of the diameter of the branch, but in practice it is necessary 
to use several branches’ in order to reduce this resonance frequency to 
inaudibility. The results of both theory and experiment in Fig. 1 indicate 
the effectiveness of such a Quincke tube and its range of selectivity. When 
using more than one such tube in the branch, it is necessary to place 
them one-half wave-length apart, for then the destructive waves from 
them agree in phase. It is not necessary, as Kreuger® states, to place 
them at any fixed distance from the source provided there is sufficient 
damping to prevent the backward waves from influencing the source. 

I wish to acknowledge the valuable assistance of Mr. W. D. Crozier in 
these experiments. 3 


DEPARTMENT OF PHYSICS, 
UNIVERSITY OF Iowa, 
January 5, 1926. 


’ The method used is really an improvement of that discussed in the Phys. Rev. 20, 
528 (1922), and will be described in a later article. 
*Kreuger, Philos. Stud. 17, p. 223, (1901). 
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fe WURATION OF THE TRANSIENT STATE IN THE 
SdeetiNer OP oMALIS PARTICLES 


By WARREN WEAVER 


ABSTRACT 
The general theory of the settling of small particles in a fluid is used to 

determine an upper limit for the time required to establish the steady, ex- 

ponential distribution of density. It is shown that the steady state will, in 

in any case in which the initial distribution of particles is uniform, be sensibly 

attained in that length of time required by one of the particles, moving with 

the velocity given by Stoke’s law, to fall two tube lengths. An examination of 

Burton’s experiment (which sought to prove that the exponential distribution 

law holds for only very small depths below the surface) indicates that the 

steady state should have been reached in about 37 days. His failure to find any 

evidence of an exponential distribution of density after 50 days cannot be 

ascribed to an inadequacy in the time allowed for settling. 

MALL particles immersed in a fluid in such numbers as toform a dilute 

suspension experience a steady gravitational drift, the velocity of 
which is given by Stoke’s law of fall, and a Brownian movement due to 
molecular bombardment. If no other effects such as, for example, 
electrical or thermal, are present, the two mentioned motions finally 
produce (whatever be the initial distribution of particles in the fluid) 
a distribution characterized by the exponential law 
X (x—x’) 


N 
n=n'ekT 
where x is the number density of particles at a position x, the density 
at x’ being 2’; where N is Avagradro’s number, R the gas constant for 
a gram molecule, T the absolute temperature, and X the gravitational 
force acting on one of the particles. 

It has been suggested by Burton! that this exponential distribution 
is merely a surface phenomenon, in the sense that the above law holds 
for only very small distances below the surface of the liquid. This con- 
tention was based upon the fact that the law had been tested (notably in 
the well-known work of Perrin) only for small depths, and upon Burton’s 
belief that the law leads to density ratios, when a difference in depth of 
several centimeters is considered, which are not in accord with physical 
common sense or experience. Burton therefore experimented with a cell 
of depth 96 cm, and found, after waiting fifty days for a steady state to 
be established, no sensible variation of density with depth. 


1 Burton, Proc. Royal Soc. A. 100, 414 (1921-22). 
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Two questions arise in connection with this experiment. Were effects 
other than the two above postulated present, and was sufficient time 
allowed for the steady state to be established? No discussion will be 
made here of the first of these questions, which has been treated in a paper 
by Porter and Hedges.” The present note gives an answer to the second 
question. 

Consider a tube of depth J, filled with a liquid of viscosity p, in which 
is immersed, at time ¢=0, a uniform distribution of number density 7 
of particles of radius a and effective density 6. Set, 


a=RT/NX1, B=9ly/2gda?, x=yl, Bt =H. 


It is readily checked that 6 is the time required for one of the particles, 
moving with the velocity given by Stoke’s law, to fall a distance /; so that 
i/=0.5, for example, corresponds to the time in which a particle would 
fall half the tube length. 

It has been shown? that the density m at a depth x at time ¢ is given by 


n eyla 


ATG 5) (1) 


foe) —am2r2?t! Ti —1/2a ° 
+ 16a2re2y—t” /4a a i m(1 +e ) [sin mry+ 2rma COs my] 
1 (1+41?m?a?)? 


where the upper sign is used when m is even, the lower when m is odd. 
In the paper just referred to, graphs were drawn for the cases a= 0,025, 
0.1, 0.3, 0.5, 2.0 and for such values of t’ as would show the way in which 
the steady state is set up. This range of values of a was chosen so as to 
include the value which a had (namely, 0.475) in Perrin’s work with 
gamboge particles. The limited information which these five families 
of curves afford indicates that as a decreases the time required to set up 
a steady state increases. This evidence is presented in Fig. 1, drawn from 
the curves of the previous paper. This figure shows the magnitude of the 
transient term for the time ¢’=0.5, for the values of a indicated, and for 
values of y which correspond to the lower half of the tube. It is seen | 
that as a decreases, the transient term becomes larger. Now in the case 
of Burton’s work a=1.95X10-*, while @=1.6010°. Insofar as extra- 
polation from so limited a range to so far removed a value is of any sig- 
nificance whatever, these figures would indicate, together with the above 
graph, that a very large time might be required for the establishment of 
the steady state; for the very small value of a indicates a large value of ¢’, 


* Porter and Hedges, Phil. Mag. 44, 641 (1922). 
3 Mason and Weaver, Phys. Rev. 23, 412 (March 1924). 
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which, in turn, since @ is large, indicates a still larger value of t. The 
relationship between ¢’ and ¢ is indicated by the fact that the time, fifty 
days, actually allowed to elapse, corresponds to t’=2.7, while the value 
of t’=100 corresponds to over five years. 

It is not physically evident whether decreasing a should increase or 
decrease the time required for the steady state to be sensibly established. 
Increasing / decreases a, and an increased tube length (other factors 
remaining the same) would naturally lead to an increased time. An 
increase in X, however, also decreases a and an increase in X by, say, 
increasing the density of the particles would seem to decrease the relative 


0.5 0.6 0.7 0.8 0.9 1.0 


Fig. 1. The magnitude of the transient term at t’=0.5. The abscissas range from y =0.5 
to y=1.0, and thus correspond to the lower half of the tube. 
effectiveness of the Brownian movement, which tends to maintain a 

uniform density, as compared to the Stoke’s fall. 

These considerations lead one to believe it possible that the fifty days 
allowed were perhaps quite inadequate for the establishment of a steady 
state. It therefore is desirable to determine this time from the general 
solution (1). For so small a value of a as characterized Burton’s work, 
the actual calculation of the sum involved is prohibitively laborious, 
since many hundred terms must be used to obtain the value of for a 
single value of x and ¢. An upper limit to the transient term may, however, 
be easily calculated. In fact, for any value of y, 
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the last step following from comparison of the series 
ek gtk g-Bk4 gah 4 gk 4 Okt e—Th4 e-Bk4 oO 
e *+0 + eth e4k#+ () +0 +e 9k 4 e—9k 4 eg 9k ‘ 


Moreover, : 
Cc 
3 gr mle erty (1 — e~*) 4 
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Similarly 


Wale a 
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and 
Se mem = e-k/(1— —k)2 
ie 
Hence, calling the transient term H (y,t’), and identifying k with amt’ 


H( t’) < 16 OP OX t’) faa (4 e-1/2a) ek esha 27 a 
y) Tae _ ae a . 
or 


/ 
2Qy—t (1447242) 


16ra2(1+e1/) (1+2ra—e* Je 4a 
(1— —k)2 


When a is of the order of 10~*, as in Burton’s experiment, and ?#’ is not-so 
large but that azt’ is also small, this reduces to 


H(y,t') < 


id 
Qy—t 


1 
H(y,t')< 


7 4a 
/ 


On account of the size of a, the exponential factor decreases with enor- 
mous rapidity towards zero as soon as ¢’ exceeds 2y; and thus, since y 
never exceeds 1, as soon as #’ exceeds 2. For example 


t? Upper bound for H 
2.0000 Pg in 
2.0001 3x10" 
: 2.001 pas eg UPR 


Since the curves drawn in the previous article show that as a ranges from 
0.1 to 2.0 the steady state is more and more rapidly attained, being 
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sensibly reached in the slowest instance by t’=1.0; and since the above 
argument shows that for smaller values of a the steady state is sensibly 
attained for values of t’ just exceeding 2, it is therefore possible to state 
in general that the steady state will in all cases be reached in that length 
of time necessary for one of the particles, moving with the velocity given 
by Stoke’s law, to fall two tube lengths. 

It is therefore assured that in Burton’s experiment, in which p20 
corresponds to approximately 37 days, sufficient time was allowed for 
the steady state to be established. | 


DEPARTMENT OF MATHEMATICS, 
UNIVERSITY OF WISCONSIN, 
January 4, 1926. 
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The Theory of Measurements. Lucius TurTLe and JOHN SATTERLY.—This text, 
according to the authors, is intended for undergraduate students both in mathematics 
and in the physical sciences. The treatment is very elementary and a minimum of 
mathematical knowledge (not even trigonometry) is presupposed. The book, however, 
includes most of the information on this subject which every graduate student in 
Physics, and in the other exact sciences, should have but so often unfortunately does 
not have. It forms an admirable introduction to the more extended accounts of special 
topics found in more advanced texts. The range of topics is quite remarkable, as can 
be gathered from a few of the twenty-two chapter headings, taken at random,—Weights 
and Measures, Significant Figures, Logarithms, the Slide Rule, Graphic Analysis, 
Interpolation and Extrapolation, Deviation and Dispersion, Least Squares, Applica- 
tions to Biology. The last portion of the book is designed especially for students in the 
biological (and medical) sciences. Numerous problems are included with every chapter, 
and these with many illustrations and typical numerical results, fit it for its avowed 
purpose as a complete textbook on this subject—Pp. xii+333, 93 figs. Longmans, 
Green and Co., New York City, 1925. Price $4.50. 

RAYMOND T. BIRGE. 


Helmholtz’s Treatise on Physiological Optics. Volume III, The Perceptions of 
Vision. Translated from the third German edition. Edited by Prof. James P. C. Southall. 

A goodly portion of our knowledge of the world about us may be credited directly 
to the human organ of vision. That organ is almost immeasurably more powerful than 
all the other sense organs combined. Its structure and functioning were minutely 
described and discussed in the first two volumes of Helmholtz’s Physiological Optics. 
The third and final volume deals with the perceptions and impressions obtained through 
vision. 

Now our impression of an observed object is composed of a great many different 
factors. These are of two classes, what is seen and what is known of this and similar 
objects; the retinal image, the difference between the two retinal images, muscular 
and nervous efforts connected with vision and the like constitute the visual function 
itself but this is but a small part of the story our eyes tell us, namely, our interpretation 
of that seen. If a stationary object be viewed and the head turned, the object is still seen 
stationary. If the eyes be turned from side to side it still appears stationary though its 
image races across the retina. It is only when the whole body or the object viewed is 
actually moved that motion is sensed. The retinal image is inverted but we see objects 
erect. If the retinal image is erected (by means of an auxiliary lens) objects are seen 
inverted but a week or two of continuous use is sufficient to reform the correct interpre- 
tation just as with colored glasses or spectacles in even shorter time. Even the defects 
of the eye, or more properly the departures from strictly orthoscopic imagery, are 
unconsciously allowed for. Artists, seeking to produce impressions rather than exact 
reproduction, must exaggerate the barrel distortion, contrasts, chromatic aberration and 
diffuseness from the center of attention outward in order to produce the impression 
sought. 

Such is the nature of the field which is the subject of this third part of physiological 
optics. Helmholtz frankly states that the material is but fragmentary but that it is 
better to make a beginning. This translation is of the third German edition which is 
practically a reproduction of the first written by Helmholtz in 1866. The numerous 
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notes and several appendices by von Kries follow closely the original plan. Binocular 
vision is treated quite fully since the invention of the stereoscope by Wheatstone had 
just then attracted considerable attention. Whether our concepts of space and time are 
intuitive or are the result of experience was much debated in those days, Helmholtz 
holding that our ideas of space are largely empirical and acquired. If criticism be 
offered such a monumental work it must be first that it is not sufficiently comprehensive 
in plan. Breadth and balance are lacking although a few subjects are discussed with 
great thoroughness. Secondly, the treatment is geometrical and philosophical rather 
than physical and psychological as it properly should be. A proper treatment of the 
field should be (inter alia) a veritable text book of the fundamental principles of art. 
Material is now available for filling in nearly all parts of the field attempted and even 
for an outline of the limitations of visual preception. The translation is excellent, clear 
and vivid despite the many fine distinctions drawn between concepts but roughly 
definable. The volume closes with a 16-page bibliography of the recent (1911-1925) 
literature of the subject and very full indices to both authors and subjects cited. Pp. 
x +736, 81 figs. Published by the Optical Society of America, and to be obtained from 
the Secretary, F. K. Richtmyer, Cornell University. $7. 
P. G)NutTtTInG 


Modern Magnetics. FEL1x AUERBACH. Translated by H. C. Booth.—The German 
edition of this work (Modern Magnetismus, Vieweg, Jena, 1921) is a diffuse and uncritical 
but very readable account of the subject down to about 1915. The arrangement is 
peculiar, magneto-optics, for an example, preceding electro-magnetic theory. What 
little mathematics is attempted suffers from the author’s bias for graphics and from an 
unsystematic choice of symbols (q stands for four different things besides being the 
abbreviation for “‘curl’’). There are a few bad blunders, notably in regard to the equi- 
potential surfaces for a separated pair of unlike poles of equal strength (Figs. 4 and 9, 
with associated text). The present translation is neither good English nor a fair equiva- 
lent for the original German, and contains many absurdities. The specialist can guess 
from the context that ‘‘developed”’ (p. 199) should be ‘“‘wound with wire,” and that 
“beam”’ (p. 133) should be “‘radiation,’’ but the unwary reader will go astray at least 
once on every page. The unfitness of the translator may be judged from his invention 
of the clause (p. 192): ‘‘when the permeability of iron becomes small in comparison with 
that of air.” The index is poor. The publisher is to blame for now issuing as ‘‘modern”’ 
a book which barely deserved that adjective five years ago. The condensation of the 
table of contents is unfortunate, because the remaining chapter titles are none too 
descriptive. The cuts contain all the original imperfections (Figs. 65, 74), the half-tones 
are foggier (Fig. 87) and the new lettering is often slovenly (Figs. 52, 59). A com- 
mendable change is the addition of a bibliography, the selection and arrangement being 
that imposed by the text. The antiquity of most of the 350 references suggests why this 
book is not conspicuously more modern than the third (1901) edition of Ewing’s classic 
work on a portion of the subject. The paper, printing and binding are adequate. For 
reasons already stated the book will find little favor with specialists. The American 
technologist may use it cautiously for numerical data, but can find elsewhere better 
specifications for magnetic testing than those standard in Germany in 1910. The general 
reader will derive from it but a confused idea of the present state of knowledge regarding 


magnetism. Pp. VII1+306, 167 diagrams. E. P. Dutton and Co., New York, 1926. $6.00. 
L. W. McKEEHAN 


Popular Research Narratives. Vol. 2. Collected by the Engineering Foundation.— 
Here is a group of fifty scientific essays evidently addressed to the lay reader. The lan- 
guage is non-technical; the subject matter very concrete; the discoveries important; the 
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‘nventions valuable. It is a collection of wonderful stories—each told within the space 
of three small pages. The reader is therefore not carried very far; but the growing inter- 
dependence of engineering and pure science is made very evident. Much of the pleasure 
of reading a book is lost when, as in the present case, one does not know who is responsible 
for the words; the ideas may be ever so good; one wants to know who clothed the ideas 
with these words. It is unfortunate also that no definite references to literature are given, 
such as would permit an interested reader to pursue the subject farther. But it is hardly 
fair to appraise these expositions from a scientific view point, as is usually done in this 
journal. Most students of physics will be stimulated by the account of Permalloy, The 
High Temperature Electric Furnace, The Sonic Depth Finder, Talking Across the Ocean, 
The Geophone, Modernizing the Steam Locomotive, and many others. 

The purpose which underlies this little volume has been clearly set forth, in the intro- 
duction, by Professor Pupin who says: ‘“Take care of the bee and the honey; enrich the 
field of human experience. Scientific and engineering research is the honey gathering 
process; men trained and disciplined in this field of inquiry are the honey gathering bees. 
Research and the men conducting it contribute to the honey-hearted hive of our national 
life. We must cultivate both, otherwise the hive will soon be empty.’’ Most men at some 
period in their lives—generally an early one—have cultivated the honey bee; but the 
enthusiasm of the youthful apiarist is generally short-lived. The reason for this is that 
most bees behave as if they were perfectly familiar with Virgil’s verses: Sic vos, non vobis, 
etc. At any rate, they insist upon making honey in their own way; simply because it is 
the greatest fun in the world, the best sport imaginable. Whether the process can be 
greatly expedited by the men who collect the honey may be fairly doubted. Investi- 
gators, if caught young, may be shifted from university laboratories to those of the large 
corporations, but whether humankind thus derives more benefit than it would from the 
labors of these same men in perfectly free academic laboratories is another large question. 
In any event, it is to be hoped this volume will help to remove that illogical distinction 
between pure and applied science, between what Norman Campbell calls ‘‘the roots and 
branches of the tree of experimental knowledge.” viii+174 pp., Williams & Wilkins 
Company, Baltimore, 1926. $1.00. HENRY CREW 
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AMERICAN PHYSICAL SOCIETY 


MINUTES OF THE MONTREAL MEETING, FEBRUARY 26-27, 1926 


Jornt MEETING WITH THE OPTICAL SOCIETY OF AMERICA 


The 137th regular meeting of the American Physical Society was held 
in the Macdonald Physics Building of McGill University, Montreal, on 
Friday and Saturday, February 26 and 27, as a joint meeting with the 
Optical Society of America. The presiding officers were Dayton C. Miller, 
President of the American Physical Society, and W. E. Forsythe, Presi- 
dent of the Optical Society of America. The attendance was about 100 
persons. 

On Friday morning there was a session of the Optical Society and a 
session of the Physical Society. The program on Friday afternoon con- 
sisted of papers contributed by the American Physical Society, and a 
lecture by Professor Frank Allen of the University of Manitoba, on 
“‘The Second Half of Vision,” given by invitation of the Optical Society. 
The Saturday morning session was a regular session of the American 
Physical Society. 

On Friday evening the members of the American Physical Society 
and of the Optical Society of America were guests of the Chancellor, the 
Principal and the Board of Governors of McGill University at a dinner 
held at the Mount Royal Hotel. 

At the regular meeting of the Council held on Friday, February 26, 
1926, one new fellow was elected, one member was transferred to fellow- 
ship, and fourteen were elected to membership. Elected to Fellowship: 
Abraham Joffé. Transferred from Membership to Fellowship: Frank M. 
Walters, Jr. Elected to Membership: John B. Bishop, Donald C. A. 
Butts, Herbert R. Childs, Frederick W. Cunningham, Frederick W. 
Doermann, Frederick H. Drake, Peter Fireman, Sydney B. Ingram, 
Hermann E. Krefft, Horace H. Lagerpusch, Theodore J. Martin, W. C. 
Phebus, Eugene W. Skinner, and Leo John Vollmayer. 

The titles and abstracts of papers presented to the Optical Society of 
America will be found in the Proceedings of that Society, published in 
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the Journal of the Optical Society of America and Review of Scientific 


Instruments. 

The abstracts of the forty-two papers presented to the American 
Physical Society are given in the following pages. Papers Nos. 1, 19, 25, 
33, 39, 41 and 42 were read by title. Papers Nos. 19, 33 and 35 were 
received after the program of the meeting had gone to press and were 
therefore not included in the printed program of the meeting published 
in Volume 1, Number 7, of the Bulletin of the American Physical Society. 


An Author Index will be found at the end. 
HAROLD W. WEBB, 
Secretary 


ABSTRACTS OF PAPERS 


1. Diffraction by a grating. G. Breit, Carnegie Institution of Washington.— 
Frauenhofer diffraction phenomena have been explained by Duane in terms of transfer 
of momentum to the diffracting apparatus. It has been shown by Ehrenfest and Epstein 
using Compton’s modification of Duane’s theory, as well as by the writer on a different 
basis, that Duane’s explanation may be made quantitative. In the present paper the 
requirement of proper maintenance of equilibrium in black body radiation is applied. 
It is shown that Duane’s grating does not acquire the proper kinetic energy when exposed 
to black body radiation if quanta are conceived of as mechanical entities. On the con- 
trary it is necessary to introduce probabilities of interaction similar to those used by 
Einstein in his 1917 needle quanta paper. In such a way the scattering by a grating is 
similar to the scattering by free electrons (Pauli) and by Bohr atoms. The conditions 
for interference come out, therefore, simply as selection rules. This point of view ex- 
plains also Fresnel diffraction phenomena. This continuous transition from a Bohr atom 
via Hertzian oscillator to a grating is traced. 


2. Investigation of x-ray spectra by the method of visibility. LACHLAN GILCHRIST, 
University of Toronto.—Formule are derived which represent the distribution of 
intensity and the visibility in x-ray spectra when the analysing crystal is composed of a 
large number of parallel reflecting planes. In the development the primary sets of 
multiple reflections are taken into account and the source is not supposed to be strictly 
monochromatic, but to havea ‘‘width.”’ For a perfect crystal the expression for intensity 
is J =[b2(1—b24°B!)2/(1 —A‘B*)|[P+2A?B°C, cos 4aDm-+2A'B'C, cos 8aDm+- +: =: ] 
and the expression for visibility is V=A2B?C,/P, where b and a are the coefficients of 
reflection and absorption, respectively. A=1—a and B=1—b. P,Ci, C2, etc., 2D, and 
m have the significance given to them by Michelson and Rayleigh in articles on inter- 
ference phenomena. This agrees with the visibility in the spectra obtained with Calcite 
crystals by Bergen Davis and Stempel. For crystals with random or “‘irregular”’ spacing 
maximum and minimum intensities are given by J=[b°2?A‘?B*?/(1 —bA‘)|[P+ 
2b2A2C,] and the visibility is given by V=2b2A2C,/P. If the intensity at the mini- 
mum is zero when perfect crystals are used, which seems to be in accord with experi- 
mental results, then in spectra which are obtained by means of imperfect crystals the 
intensity at the minimum is not always negligible and deductions should not be made 
from the intensity of the maximum alone. 


3. The fine structure of the K x-ray absorption edge of calcium. Gro. A. LINDSAY 
and Gro. D. VAN Dyxg, University of Michigan.—The absorption spectrum of calcium 
was photographed by the use of a Siegbahn vacuum spectrometer. The absorption 
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occurred in the calcite crystal, thus rendering a screen unnecessary. A gypsum crystal 
was also used. The edge obtained from the calcite crystal showed two white lines and a 
wider absorption region farther towards shorter wave-lengths. The gypsum showed one 
strong narrow white line with faint traces of a second, while the third wider absorption 
region was about like that from the calcite crystal. The difference between the first and 
the second white lines was about 13 volts, between the first edge and the beginning of 
the third, about 30 volts. If the calcium is in the form of an ion in the compound, the K 
electron which is removed by the absorption is more likely to stop in one of the orbits 
normally occupied by the valence electrons, or in an orbit somewhat farther out than it 
would be if the atom were neutral, for the ion has a net charge of +2. This may explain 
the appearance of the white lines. These multiple edges seem to be found oftener for 
compounds (which are probably ionized) than for elements. 


4. The scattering of x-rays. J.A.GrRAyY, Queen’s University.—The x-rays scattered 
from different thicknesses of material have been examined by an absorption method. 
The thinner the material, the greater is the average wave-length of the issuing radiation. 
The results indicate that the modified “band”’ in scattered x-rays has a greater total 
intensity than is commonly supposed. From these and other results, it seems possible 
to explain the small intensity of reflection of x-rays from crystals for the larger angles of 
scattering. No evidence for the J phenomena has been found. 


5. Cross-sectional area of an Einstein quantum. R. J. Pierso_, Westinghouse 
Research Laboratory.—A gas kinetic treatment of the equilibrium of light quanta and 
electronsled Burger and Ornstein to the value a)? for the cross section of a light quantum, 
where a isa universal, but unknown constant. By calculation from the vibration volume 
of the electron Marx showed a=3/4r7, or that the area A =3\?/47. It may be proved 
from the classical Hertzian theory of oscillators that, if the two electric doublets are 
parallel, the area of thermal absorption A;=3)?/47, which is identical with the result 
obtained by Marx from equilibrium considerations. But it is shown, in general, that 
where there are a large number of radiating and absorbing electrons, oriented at random, 
the area of electromagnetic absorption is Ag =)?/7. Therefore, the unknown constant in 
the equation of Burger and Ornstein is a=1/7z instead of a=3/4z. Numerically this 
value is very close to that obtained by Marx, and therefore either value satisfies the 
interference and diffraction of light. 


6. Radiation arising from the formation of helium from hydrogen. G. E. M. 
JAUNCEY and A. L. HucueEs, Washington University.—The loss of mass when four 
protons and two electrons come together to form a helium nucleus signifies a loss of 
energy which appears as a quantum. Conservation of energy and of momentum must 
both be satisfied. Four processes are considered: (1) the protons and electrons initially 
at rest produce a helium nucleus recoiling in the opposite direction of the quantum, 
(2) the protons and electrons all initially having velocity Bc produce a helium nucleus 
at rest, (3) one proton with velocity 8c meeting three protons and two electrons at 
rest produces a helium nucleus at rest, (4) one electron with velocity Bc meeting four 
protons and one electron at rest produces a helium nucleus at rest. Solving for \ and 
B we find: }=.0004A in (1), (2), (3) and .0008A in (4); 8 =.008 in (1), (2), .03 in (3) and 
.9995 in (4). The reverse of (4) is the photo-electric effect. By analogy with x-rays, 
.0004A and.0008A may be considered as critical absorption wave-lengths. This suggests 
looking for a trace of hydrogen in a tube of helium after the tube has been exposed to 
the penetrating rays studied by Millikan. 


7. Radiation from the mutual annihilation of protons and electrons. A. L. HUGHES 
and G. E. M. Jauncey, Washington University.—Mutual annihilation of a proton and 
an electron on collision giving a quantum of radiation of wave-length 1.3 10° A has 
been suggested as the source of the high frequency radiation studied by Millikan. 
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It can be shown that this simple process cannot simultaneously conserve energy and 
momentum. Moreover it is difficult to imagine the reverse process, which would require 
a quantum suddenly, without apparent cause, to disappear, leaving in its place a proton 
and an electron. Both energy and momentum can be conserved in a three body collision. 
Two electrons and one proton colliding result in a recoil electron moving with a minimum 
velocity .9999995c, and a quantum whose wave-length is 2.6X107-°A (or less). Two 
protons and one electron colliding result in a recoil proton moving with a: minimum 
velocity .6c,and a quantum whose wave-length is 1.9X1075A (or less). The reverse 
process is as easy to realize as the forward process. An electron (or a proton) colliding 
with a quantum (having sufficient energy) causes the quantum to disappear leaving 
two electrons and one proton (or two protons and one electron). 


8. The “‘reflection’” of electrons from the molybdenum target of a Coolidge x-ray 
tube. W. R. Ham and Marsu W. Wuite, Pennsylvania State College.—The method 
previously described by the writers (Phys. Rev. 27, 111, (1925)) was used. This con- 
sists essentially of accurately measuring the energy input into the tube and the heat 
energy received at the anode. An approximate measure of the ratio of the number of 
impinging electrons to those emitted from the anode is obtained by taking the ratio 
of (W;—Wa) to Wi, where W; is the energy input and W, is the heat energy received 
by the anode alone. In the present experiments the data have been extended, with im- 
proved technique, to include molybdenum. The tube used was a standard molybdenum- 
button water-cooled type. Several improvements in the experimental arrangements 
were made, namely: the temperatures of the water used in the flow calorimeter were 
read to 0.001 degree by Beckmann thermometers, the water supply was changed to 
an elevated constant temperature bath and arrangements were provided for keeping 
the room temperature constant. The curve showing the percentage of “‘reflected”’ 
electrons vs. voltage is similar to that for tungsten, rising from 20 to 1.3 kv to a pro- 
nounced maximum of 22.5 at 4 kv and rapidly falling off to 3 at 20 kv, where it remains 
approximately constant up to 30 kv. 


9. Reflection of soft x-rays. ELizaABeTH R. Larrp, Mount Holyoke College.— 
This work continues some done in 1922 with a thermoluminescent detector. Electrons 
from a low temperature cathode fall on a target, the x-radiation produced passes through 
a tubular slit into a reflector which can be set at different angles or pulled aside. The 
reflected or incident beam falls on a Schumann plate. For copper at 1000 volts the 
result indicates total reflection at a glancing angle of about 5°, and very little for larger 
angles. At 500 volts the transition is less marked. For this voltage strong reflection 
occurs at 25°, for 265 volts at 35°, and for 160 volts at 8°. For larger angles the reflection 
at 160 volts is not as strong as at 265 volts, suggesting the passing of a natural frequency. 
Nickel at 500 and 1000 volts is similar to copper. Aluminum at 265 volts shows little 
reflection. Computation of critical angles by the Drude-Lorenz formula depends on 
values ascribed to natural frequencies, and to wave-lengths of maximum energy for a 
given voltage. Values for copper of 4° and 14° were computed for 1000 and 500 volts. 
The experiments show that these Schumann plates become less sentisive for equal 
energy as wave-length diminishes. The experiments will be continued looking towards 
more precision in measurement. This work was done at the Sloane Laboratory, Yale 
University. 


10. Electron distribution in sodium chloride. ArTHUR H. Compton, University of 
Chicago.—Extending Duane’s method of Fourier analysis, a series expression is obtained 
for the mean electron density at different distances from the centers of the atoms in a 
crystal. Every term in the series may be determined by measurements of the intensities 
of the reflection of x-rays from the crystal, whereas in Duane’s method a constant term 
remains undetermined. Using the data of Bragg, James and Bosanquet for the reflection 
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from rock-salt, the electron density is found to fall definitely to zero for the sodium ion 
1.1A, and for chlorine at 2.0A. from the center. Sodium has a group of eight electrons 
(probably K and L22) near the center with two electrons (probably L2;) at .9A from 
the center. Near the center of the chlorine ion are 10 electrons (K and L) outside of 
which are eight others, resolvable into 4(33?) at .74A, 2(32?) at 1.14A and 2(3,?) at 
1.60A. These distances are uncorrected for thermal agitation. The electron distribution 
curves are similar to but show more detail than those obtained by Bragg and Havighurst 
from the same data. 


11. Crystal size and hysteresis in precipitated magnetite. Lars A. WELO and Oskar 
Baupiscu. The Rockefeller Institute for Medical Research.—Magnetite has been pre- 
pared by three methods previously described (J. Biol. Chem. 65, 216, (1925)). These 
oxides will be referred to as Lefort’s, Haber’s, and B and W’s. In the present study the 
usual method of preparation of the latter oxide was departed from by boiling in excess 
of alkali. The oxides are of identical crystal structure but the average crystals differ 
in size. This is known from the relative sharpness and diffuseness of the diffraction 
lines. Lefort’s oxide has a small average crystal, Haber’s an intermediate size, and B 
and W’s the largest crystals. Their magnetic properties have been studied. Barring 
the unknown but possible influence of impurities (sulphates to the extent of about 2 per 
cent) unavoidably occluded at the moment of precipitation, the conclusion is that lean 
hysteresis loops, low coercivities and low remanences are associated with oxides com- 
posed of small crystals. The significant constants for Lefort’s, Haber’s, and B and W’s 
oxides are respectively: permeability maximum at 50, 240 and 380 gausses; coercivity 
of 14, 67 and 149 gausses; remanence of 8, 18 and 34 percent. The relative areas of the 
hysteresis loops are as 1, 5 and 7. 


12. A method for exciting spectra of certain metals. JoHN K. ROBERTSON, Queen’s 
University.—An examination of the spectrum of tin when excited by the electrodeless 
discharge has shown that characteristic metal lines are brought out in the case of a dis- 
charge in a quartz tube containing residual gas and pieces of cold metal to about the 
same extent as when the tube was heated to 1000°C. To study the origin of the metallic 
lines, other metals were examined, in all cases sufficient hydrogen being left in the 
quartz tubes to carry the discharge. With silver and gold negative results were obtained, 
but with zinc and cadmium lines were present as in tin. Moreover, with these two — 
metals, only ultimate and penultimate lines of the neutral or the ionized atom appeared. 
In cadmium, for example, the quartz spectrograph showed with marked intensity only 
2144(10—17;), 2265(1¢—172), 2288(1S—1P), 3261(1S—1p2). Evidence is given that 
the explanation of the effect is found, not in the presence of vapor due to temperature, 
but as a result of some kind of reaction between active gas atoms and the metal or an 
oxide of the metal. The appearance of ultimate ionized lines and the non-appearance of 
higher members of neutral series is, however, somewhat puzzling. 


13. Spectrum of copper. A. G. SHENSTONE, Princeton University.—In addition toa 
normal doublet spectrum, the copper arc yields a complicated spectrum built on the low 
inverted 2D term which connects the two spectra. The Heisenberg-Hund theory predicts 
low terms *P, *D, *F, 2P, 2D, ?F which should combine with the 2D. Zeeman effects 
obtained on a Hilger E.1 spectrograph identify the term »=22194.0 as ‘P: and v= 
21364.3 as‘4P,. The latter has a g equal to 2.5+.1, (theoretical value =8/3). The two 
terms vy =17392.3 and v=16487.2 have irregular g values equal to .21+.01 and .51+.02. 
They may be ‘4D; and 2P;. The term »=17763.9 has g=1.1+.1 which must also be 
irregular. All the evidence indicates that this portion of the Cu spectrum has the 
characteristics of a spectrum of the second rank. In all 20 positive terms combining 
with 2D have been found. These in turn combine with 21 negative terms and account 
for 175 arc lines including all the important ultra-violet and most of the important 
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visible lines. Some constant frequency differences have been found connecting the 
prominent ultra-violet Cu* lines. Several lines have been identified from Zeeman 


patterns. 


14. Standard wave-lengths for use in the extreme ultra-violet. STANLEY SMITH and 
R. J. Lane, (introduced by R. W. Boyle). University of Alberta.—Wave-lengths of a 
number of lines, chiefly of carbon, which frequently occur in the spectra of other ele- 
ments, have been measured in the second and third orders on plates obtained in a vacuum 
spectrograph with a concave grating of radius 6 feet ruled with 30,000 lines to the inch. 
The dispersion was approximately 4.5A per mm. The carbon lines and the iron standard 
lines used as comparisons were obtained simultaneously by passing a condensed spark 
discharge between a carbon and an iron electrode. (1) Method of measuring. Details are 
given of a new method of obtaining the curves to correct (a) for deviation of the spectra 
from normality (b) for error in the tilt of the photographic plate. These curves can be 
used for correcting the calculated wave-lengths obtained by interpolation between any 
pair of standards chosen within the range of thecurves. The curvesfor correction (b)are 
proved to be very approximately parabolic. (2) Wave-length measurements of the follow- 
ing lines have been made: 904, 977, 1010, 1036, 1175, 1215, 1247, 1323, 1329, 1335, 
1548; 1550, 15614. 


15. Stark Patterns. J. Sruart Foster, H. B. HacHEey and W. Row tes, McGill 
University.—The simplest Stark pattern consisting of one parallel component and no 
perpendicular component (1/0) is observed for three members of the orthohelium series 
2s—ms. This pattern, together with others previously reported by one of the writers 
(Nature 116, 135 (1925)) completes a group of Stark patterns 1/0, 1/1, 2/2, 2/3 which 
theoretically exist in the Balmer series. The parhelium combination line 2P —6P, next 
the diffuse line in the 4144 group, is clearly observed as a separate line in lowest field. 
The dispersion 3A/mm makes the separation (0.26A) of these lines more definite than 
in a previous experiment (Phys. Rev. 23, 667, 1924). The orthohelium lines near and 
including 4026 are observed as doublets in high electric fields. The observed separation 
is constant throughout. 


16. A method of measuring relative intensities of Stark-effect components. J. 
Sruart Foster and M. Laura Caack, McGill University.—A modified Lo Surdo tube 
with rectangular cross-section near the cathode is employed. At a given distance from 
the cathode the light intensity is constant over the central portion of the discharge 
in the Crookes dark space. The tube is placed with its axis horizontal and with the 
longer side of the rectangle in a vertical position. Light from very near the cathode is 
analyzed and found to give straight lines of uniform intensity corresponding to the 
different Stark-effect components. Using this source and a double neutral wedge, 
photographs of the » and s components of H@ are obtained from which the relative 
intensities are measured. Final results will be published when a check has been 
made on the wedge calibration. 


17. Interpretation of complex spectra. Otro Laporte, Research Fellow, Bureau of 
Standards.—Recent development of the theory of atoms with several valence electrons, 
permits interpretation of the complex arc and spark spectra of the two long periods of 
elements. The low and metastable term group of the spectrum of an element with 2 
valence electrons and belonging to the second long period can be accounted for by the 
three configurations: (z—2) electrons of type 43 and two 5;, (s—1) of 43 and one 5i, 2 
electrons of 43 and none of type 5;. Hund has shown that the first and second kinds 
represent respectively the normal states of the neutral and simply ionized atoms from 
Ca to Ni. In the second long period, it is possible to show the presence also of terms 
belonging to the third configuration in almost every spark spectrum. The tendency to 
eliminate the 5, electrons gradually becomes stronger towards the end of the period: 
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Neutral Pd and the singly ionized atoms from Cb to Ag are normally in states with 
4; electrons only. The new theory connects term differences in the spark with dif- 
ferences of series limits in the arc spectra. This is illustrated with Cr and Fe. 


18. Approximating the ‘‘screening constant.”’ D. T. Wi-BEr, Cornell University.— 
A combination is proposed of the Sommerfeldt assignment of azimuthal quantum 
numbers of 1, 2, 3, 4, tothe s, p, d, and f, terms, respectively and his value of the term 
energy, R(Z—s)?/n* plus a negligible term, with a proposed approximation value for 
the ‘‘screening constant’’s. This value takes the form s=(1—1/(4n)*)(Z—1) and v= 
R[(1+(Z—1)/(4n)*)2/n?] is the energy value of a term of total quantum number and 
azimuthal quantum number k. Calculating the value of the series terms of the alkalies 
from this formula gives a good check for the four series of lithium and follows the trend 
of the sharp terms up to caesium but shows a systematic and finally large deviation in 
the case of the » terms. In general this systematic deviation is proportional to the 
doublet separation. This formula does not compete with the Rydberg, Ritz or Hicks 
formule for accurate interpolation but does show how Bohr’s values of total quantum 
number can be possible when so much larger than the usual value assigned the terms. 


19. Electronic states of molecules and structure of band spectra. Rospert S. MULLI- 
KEN, Harvard University.—Postulates: (1) The electronic states of molecules can be 
characterized by term designations (1S, 2f;, etc.), each associated with an electronic 
quantum number j, substantially identical with Sommerfeld’s atomic j for the given 
term-type, and representing the true resultant electronic angular momentum of the 
molecule (or in some cases each atom may have its own j.). (2) The vector or vectors 7. 
set themselves essentially parallel (++¢ components) or perpendicular (« components) 
to the vector m representing the nuclear precessional quantum number; the nuclear 
rotational energy is then given by a Kratzer-Kramers and Pauli formula F(m) = 
B( (72-02)? F e)?....; 7=final resultant of m,e,c. (3) j has integral values for odd 
molecules, half-integral values for even molecules, and is subject to the selection prin- 
ciple Aj=0,+1, the transition Aj =0 (Q branches) being always present except when 
o =0 for both initial and final states, as predicted by the correspondence principle. These 
postulates, which are the outgrowth of work of Kratzer, Birge, Mecke, and others, 
appear capable of accounting in a unified way for many of the features of the 
structure of most known band spectra, and promise important information on molecular 
structure, orientations and other characteristics of molecular and atomic electron orbits, 
Ste: 


20. Critical potentials and the heat of dissociation of hydrogen as determined from 
its ultra-violet band spectrum. Enos E. Witmer, National Research Fellow, Harvard 
University.—Lyman has found that under certain conditions of excitation the mixture 
of hydrogen with argon causes the former to emit a very simple, one-dimensional series 
of bands, lying between \\ 1063 and 1670. These bands are apparently Q branches with 
perturbations near the origin, and, as this investigation indicates, are excited as follows. 
The energy imparted to a hydrogen molecule is limited to 11.6 volts, the resonance 
potential of argon. This is just sufficient to raise the hydrogen molecule from the normal 
state, ¢-=1, n=0 to ¢,=2, n=0, where ¢ is the total electronic quantum number, and 1 
the vibrational. Returning, the jumps are e’=2, n’=0, to ¢’’=1, n’’=0 to 12. The 
curve (n’’, dE/dn’’) indicates that dE/dn’’ becomes zero shortly beyond n’’=12, so 
that at n’’=12 the molecule is on the verge of dissociation, and ’’=13 apparen ly 
cannot exist. The data give the following molecular constants: lowest resonance 
potential = 11.61 volts; the heat of dissociation =4.27 volts =98,570 calories in agreement 
with Isnardi’s (Zeit. Elektrochemie 21, 405, 1915) value of 95,000 calories; the fre- 
quency of infinitesimal vibration wo in the normal state =4260 cm“ in fair agreement 
with the value 4880 cm-!, obtained by Kemble and Van Vleck (Phys. Rev. 21, 653, 1923) 
from specific heat data. Combining this resonance potential with other spectroscopic 
data gives 15.2 volts as the probable ionization potential of He. 
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21. Flow of ions through a small orifice in a charged plate. L. Tonks, H. M. Mortt- 
Smit, JR., and I. Lancmurr, General Electric Co.—To separate the ionic and elec- 
tronic parts of the electric current to an electrode immersed in an arc, A. F. Dittmer 
suggested allowing the carriers to pass through small holes in one electrode, B, and 
collecting them on a second close parallel electrode, C. The undesired carrier can be 
prevented from reaching C by the potential of either B or C. Practically B must be. 
negative with respect to sheath-edge A, C positive with respect to B. We have calculated 
the electric field about a circular hole in a thin infinite charged plate, the transverse 
velocity acquired by a fast charged particle passing through the hole and the effective 
change in the area of the hole due to focusing action. These results enabled us to calcu- 
late the volt-ampere characteristic of C when collecting electrons having a Maxwellian 
distribution, or ions having Maxwellian and quasi-Maxwellian velocity distributions. 
The usual semi-log plot of the electron characteristic yields a temperature which is 
slightly high, the ion characteristic is linear for small accelerating voltages and its 
semi-log plot for retarding voltages is curved. The determination of current densities 
and carrier temperatures from the characteristics and the errors involved have been 
worked out. 


22. Positive ray analysis of the ions in a discharge in hydrogen. H. D. SMyTH and 
C. J. BRASEFIELD, Princeton University.—Previous experiments by one of the authors 
and others indicate the importance of H3+ as a product of ionization in hydrogen. 
Considering the possible bearing of this result on the interpretation of the many lines 
spectrum the authors are now studying the relative concentrations of different types 
of ion in a striated discharge. The discharge is maintained between a filament and 
plate 20 cm apart in a tube of 5 cm diameter. In the side of the tube about half way 
between plate and filament is a third electrode, to which positive ions are drawn. 
Through a slit in this electrode some of the ions pass into a positive ray analysis ap- 
paratus of the type used before. Preliminary results give sharply defined ‘“‘peaks”’ 
which are identified as due to H;+, H.+, and H+. When the ions are drawn from the 
positive column, the H;* ions are by far the most numerous though the Ht peak is 
also strong. The H2* peak is very weak increasing only slightly when the pressure is 
reduced from .2 mm to .03 mm. However at a pressure of .005 mm H,* becomes slightly 
stronger than H;+. Experiments are being continued. 


23. Analysis of positive ions emitted by a new source. G. P. HARNWELL, Princeton 
University, and H. A. Barton, Harvard University.—Certain iron oxide crystals 
containing about 1 per cent of some alkali metal or alkaline earth have been developed 
by the fixed Nitrogen Research Laboratory for use as catalysts in the synthesis of 
ammonia. It has been found that these substances have also great utility as constant 
and abundant thermionic emitters of positive ions (Kunsman, Science, 62, 269 (1925)). 
The writers have analyzed their emission by the use of a mass spectrograph which has 
been described by Smyth. Separate catalyst samples containing respectively Na, K, 
Rb, Cs, Mg, Ca, and in one case both Ba and Sr have been shown in this way to emit 
only the corresponding singly charged positive ion. No doubly charged ions were 
observed, nor any ions of the other elements composing the catalysts. The alkali 
metal ions were emitted at lower temperatures than the alkaline earth ions. Particu- 
larly in the case of the latter, a preliminary treatment consisting of reduction at red 
heat in an atmosphere of hydrogen increased the emission. 


24. The passage of charged particles through helium. A. J. DemMpsTER, University 
of Chicago.—The penetration of protons with 300 to 900 volt velocity in helium, 
reported in a previous paper, has been found to hold for much slower rays. With 14 
volt rays the charged bundle of rays was observed at a helium pressure that would give 
six collisions for the path completed. The average loss of velocity per collision for the 
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majority of the rays of 900 volt speed in penetrating 15 to 25 helium atoms is less than 
half a volt per collision. Other ions are neutralized or dissociated in helium, and an 
approximate free path may be deduced from the rate at which they disappear as the 
pressure is increased. With hydrogen molecule ions the free path for dissociation of 
900 volt rays is about 17 times the kinetic theory mean free path for helium atoms. 
With slower rays (340 volts) the free path is still larger, 2.5 times greater than for the 
faster rays. Singly charged helium atoms are rapidly neutralized. If we calculate 
the number of collisions assuming an ion diameter equal to the atomic diameter given 
by the kinetic theory of gases, the helium ion makes, on the average, only 2.8 collisions 
before neutralization. 


25. Report on the failure of the mercury to gold transmutation experiment. H. 
- Horton SHELDON and Rocer S. Estey, New York University.—During the past year 
we have repeated the mercury to gold transmutation experiments of Dr. Miethe of 
Berlin and we have not been able to produce the slightest trace of transmuted gold. 
Our runs were made in three lamps; one horizontal, one vertical, and one a copy of 
that used by Miethe. The first ran for 30 hours, the second for 50 hours, and the third 
for 172 hours. The mercury from each run was carefully analyzed and the analyses 
checked with blank tests of minute known amounts of gold. We found no transmuted 
gold whatever, although a quantity fifty times smaller than Miethe claims to have 
produced in 197 hours was detectable with certainty. It is claimed that transmutation 
is due to instability of the arc conditions. Our experiments seemed to show more in- 
stability than that reported by Miethe, thus refuting that suggestion. The suggested 
explanation of a change of the number of electrons in the nucleus changing mercury 
to gold seems good in theory, but incredible in fact, for the potential drop per mean 
free path of a mercury molecule is only about 0.1 volt in these arcs. 


26. A method of high precision for the determination of critical potentials and the 
ionization potential of mercury vapor. ERNEST O. LAWRENCE, National Research Fellow, 
Yale University.—Electrons from a hot cathode are bent into circles by the magnetic 
field of 60 cm Helmholtz coils, a portion thereof passing through a series of slits on a 
circle of 5 cm radius. Using a positive ion sheath to neutralize space charge, currents 
of the order of 10~® amp. for ten-volt electrons emerge from the final slit. Retarding 
potential measurements show that the electrons have a sharp upper limit to their 
velocities which is the condition necessary for sharp critical potential curve ‘‘breaks’’ 
and ultimate precision in critical potential measurements. Such a beam of electrons 
was passed into the effectively field free space of a Faraday cylinder containing mercury 
vapor and a suitable electrode arrangement for detecting the formation of positive 
ions. Observing the potential of the cylinder at which ionization is detectable and 
the potential requisite to prevent the entrance of electrons gave the value 10.4 volts 
as the ionization potential of mercury vapor with a possible error of about one-half 
of one per cent. The method is so precise that the errors no longer lay in corrections 
for the curve breaks but in the measuring instruments. 


27. Ionization potential and radius of the atom. A. S. Eve, McGill University.— 
The ionization potential is roughly inversely proportional to the radius of the atom 
as already shown for Group I and II in the periodic table (Nature 107, 552 (1921)). 
This relation holds well for the rare gases whether the kinetic theory or Bragg’s x-ray 
radii are selected. Glockler (Phil. Mag., 50, 997 (1925)) has directed attention to 
this relation, which is investigated more closely in the present communication. 


28. Photo-ionization of a gas by a discharge in the same gas. F. L. MouLer, 
Bureau of Standards.—Measurements were made in a tube containing two thermionic 
units electrically screened from each other; one serving to give a discharge at measured 
current and voltage, the other operated at a constant low voltage so that the electron 
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emission was limited by space charge. Photo-ionization of the gas in the second unit 
was detected by the increased thermionic current, resulting from neutralization of 
the space charge. Relatively little photo-ionization is produced by the are spectrum 
while a strong effect is produced when the discharge voltage is sufficient to produce 
higher stages of excitation. The method is therefore well adapted for measuring higher 
critical potentials. Some of the results obtained are as follows: Caesium;‘ionization 
of 6, shell 13.0 volts, double ionization 21.5, ionization of 61, 39.0—Potassium; double 
ionization 32, ionization of 3; shell 48—Argon; double ionization 34.8, ionization of 3, 
shell 39.6—Neon; double ionization 54.9. In each case the most pronounced increase 
in photo-ionization came at the double ionization point and spark excitation stages 
at slightly lower voltages were also found. 


29. Reconciliation of experiments on probability of ionization by electron impact. 
K. T. Compton and C. C. VAN Vooruts, Princeton University.—Recent work in this 
field by Hughes and Klein, Jesse and the authors, shows considerable lack of agreement. 
It is shown that that of Hughes and Klein and of the authors is brought into fair agree- 
ment by correcting for three sources of error: (1) effect of the electric field on the effective 
area of holes in the grid through which primary electrons pass; (2) presence of slow 
secondary electrons and lack of homogeneity in velocities of primary electrons; (3) 
warming of gas by filament. These three corrections were determined for an apparatus 
built like Hughes and Klein’s. The second, one only applies to our earlier results. As a 
result of such corrections our earlier values should be increased by about 10 per cent 
at electron velocities above 100 volts and somewhat more at lower velocities, and 
Hughes and Klein’s results and ours are brought into approximate agreement. We 
could not reconcile Jesse’s results with the others. Final corrected values of probability 
are given. 


30. Small Einthoven galvanometer. Horatio B. WILLIAMs, Columbia University.— 
Theoretical work undertaken for another purpose pointed to the possibility of designing. 
a very small string galvanometer. Criticism of the theory and comparison of its con- 
sequences with experimental data having shown its probable soundness, the instrument 
was designed and built. Its performance corresponds with predetermination. It weighs 
5.2 kg which may be compared with 100 kg, the weight of the original instrument, and 
18 kg, the weight of the smallest accurate and sensitive string galvanometer hitherto 
available. The stray field has been much reduced, and at a short distance from the 
instrument is of the same order as that from an ordinary ammeter with permanent 
magnets at the same distance. The powerful optical system of the larger instruments is 
retained. Strings are mounted in interchangeable carriers. The instrument is robust 
and portable and at ordinary sensitivities very little affected by mechanical vibration. 
A sensitivity of 510-!° ampere/cm has been easily attained and is probably not the 
limit of its performance. 


31. A precision determination of the electrical conductivity of concentrated aqueous 
solutions of calcium chloride. MarGUERITE Crow, McGill University. (Introduced 
by A. Norman Shaw).—Measurements are reported which give the electrical conduc- 
tivity of solutions of calcium chloride for concentrations of from 25 percent to 50 percent 
and for temperatures from 10°C to 30°C with an increased precision of 5 parts in 10,000. 
The following are sample readings near the upper and lower limits of that part of the 
range over which accurate measurements are new: 


Temperature Concentration by weight Specific conductivity 
16.50°C 46% .05482 
THEOZ 38.35 | .09314 
26.10 46 .07349 


26.43 gt Sats be . 13695 
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The determinations of temperature coefficients are given for a more extended range 
than heretofore; for example, at 18°C, the temperature coefficient at 45% is .0320, 
whereas at 20%, it is .0197. Variations of this coefficient are tabulated. The method 
consisted of an application of the standard Washburn method for precision conductivity 
measurements including auxiliary calibrations and the development of a simple technique 
for obtaining densities of deliquescent solutions and for transferring them to the con- 
ductivity cell, without the opportunity for evaporation. These data were required in 
connection with the determination of vapor pressure by the measurement of electrical 
conductivity of thin films of solutions as used in an electrical hygrometer; but the 
results appear to be of independent value for extending existing tables of conductivity. 


32. The redetermination of the temperature coefficients and the ageing corrections 
for new and old standard cells of the normal and the acid types. H. E. RemL_Ley and 
A. NorMAN SHAW, McGill University.—The use of ‘‘ageing’’ corrections has made it 
possible to determine the relative “international mean’’ for the electromotive force of 
a normal standard Weston cell from the measurements of a few old cells with a degree of 
accuracy equal to that obtained by using large numbers of new cells, actually within six 
microvolts. This has been checked by ten formal exchanges of cells with the Bureau of 
Standards and the National Physical Laboratory, Teddington, over a period of seventeen 
years, giving close agreements of high precision. The following sample figures indicate 
the variation in the ageing for a particular batch of five normal cells, of which the 
average deviation from their own mean did not vary more than three microvolts in 
seventeen years: Ageing correction 1n microvolts for normal cells made in 1908; 1909, 
+6; 1912, +28; 1919, +54; 1926, +68. The temperature coefficients of old normal cells 
remain unchanged, while those of acid cells more than two years old appear to be 
relatively erratic. Rules for procedure in analyzing the data of cell comparisons have 
been reformulated. 


33. Relativity and radiation. A. S. Eve, McGill University.—Equate the relativity 
expression for mass to the corresponding quantum value, and we have for the complete 
disappearance of mass m, hy=mc?. But v=c/X, so that \=h/mc (Home). Now give 
m (1) the mass of an electron, (2) the mass of a hydrogen atom, (3) the change of mass 
when 4 H atoms form one He atom; viz., m =1/1800, or =1, or =.032 times 1.66 X 1074. 
Then the corresponding values of \ are 2.3107, 1.3 107- (Jeans), 4X10" (Milli- 
kan); and of JT are 4X10!*, 710” (Jeans), 210" degrees absolute, if we put hy =mc? 
=(3/2) kT. Dr. King prefers \mazT =c = 1.447, so that if Amaz =1.3 X10-8, T=11 X10”, 
not far from the 7.5 X10” which Jeans suggests. 


34. The Hall effect in sodium and potassium. E.S. BIELER, McGill University.— 
It is not generally recognized that there is one group of metals for which the Hall effect 
is strictly normal, as far as present measurements indicate, namely the metals of Group I 
of the periodic table. Data for Cu, Ag, and Au are fairly numerous and concordant; 
those for the alkali metals are scanty. Tests have been carried out on samples of Na 
and K filtered in a vacuum when in the molten state, and cast in glass cells of suitable 
shape. The results indicate that the Hall effect is what would be expected if these 
metals have one conducting electron per atom. The experiments are being carried on 
with Li, and will be continued with Rb and Cs. 


35. Thomas Young’s Eriometer. W. F. Emmons, McGill University, (introduced 
by A. S. Eve).—Adaptations of the eriometer have been evolved in two forms: (1) A 
large scale laboratory apparatus for projection or exact measurement. (2) A portable 
form with dry cells and electric bulb, giving measurements of the diameters of the 
spores of fungi or of blood corpuscles. The coronas of blood smears on glass slides 
permit diagnosis of pernicious anaemia owing to a distinct increase of diameter in such 
cases. The portable instrument can be calibrated by the standard laboratory instrument. 
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36. The electro-magnetic equations of light propagation in molecular media of vary- 
ing density. Louris V. Kine, McGill University.—If (X, Y, Z) be the electric intensity in 
the incident light-wave at (x, y, 2), it is customary to add to the displacement-current 
(1/43)0X /dt the convection current ne dx/dt arising from the motions of the dispersion 
charge e at (x, y, 2) having space-density 1. The equation (1) (u, v, w) =(1/47)d 
(X, Y, Z)/dt-+ne(x, 9, 2) for total current densities (u,v, w) at (x, y, z) is usually 
stated to follow from the fundamental Maxwell-Lorentz equations (2) (u,v, w) = 
(1/4r)a(X, Y, Z)/dt+p(x, 9, 2) p being, however, the space-density of electricity sup- 
posed continuously (and uniformly) distributed. In fact, a closer examination re- 
quires us to replace (1) by three equations of the type (3) u=(1/4r)dX /dt+nex 
4+(1/4n) S [(é—x) /r?] [a(ne£) /ae dV, where 7? =(&—x)?+(7—y)? + —2)’, the volume 
integral being taken to include all dispersion charges. It thus appears that (1) as 
derived from (2) is exact only for media of constant density and of unlimited extent. 
The additional term in (3) may be expected to give rise to second order phenomena such 
as light scattering arising from elastic density fluctuation due to thermal agitations. 


37. Cavitation in the track of an ultrasonic beam. R. W. BoyLE and G. B. TAYLOR, 
University of Alberta.—In a short paper in 1922 the first of the authors pointed out the 
possibility of the amount of sound wave energy transmissible through a fluid being 
limited by a phenomenon of cavitation, the evidence of which would be the formation of 
bubbles in the track of the waves. This phenomenon has been observed experimentally 
in the case of ultrasonic waves, where the energy is concentrated in the form of a narrow 
angle beam. Considering only hydrostatic pressure (po) as a preventive of disruption 
in the medium, the maximum energy transmissible across a square centimeter would be 
po?/2pc, p being the density of the medium and ¢ the velocity of the waves in it. But 
experiments, in a preliminary study of this phenomenon, have shown that bubbling 
is more readily produced in highly volatile liquids; in which case, taking vapor pressure 
(p,) into account, the maximum energy transmissible per sq. cm would be (po— pr)? /2pe. 
The preliminary experiments show that cavitation occurs at much lower energies still, ° 
the energies being measured by the method of the torsion pendulum. It is evident that 
this phenomenon can limit the amount of energy transmissible in sound waves. 


38. The relation between the thickness of a partition in a medium and its reflection 
of sound waves—by the ultrasonic method. R. W. BoyLe and J. F. LEHMANN, Univer- 
sity of Alberta Experiments carried out by the authors a few years ago by the method 
of ultrasonic waves—which offer convenience in this type of work—throw light on 
the problem of the reflection of sound waves by serving to confirm fairly well the 
existing mathematical theory by Rayleigh. From this theory, which in one aspect is 
approximate only, it can be deduced that at perpendicular incidence there should be 
maximum reflection of sound energy when the thickness of the partition is one-quarter 
the length of the wave in its material, and there should be no reflection but perfect 
transmission (neglecting absorption) when the thickness is a half wave-length. In the 
use of a torsion pendulum to make energy measurements in ultrasonics, a means is 
offered to test these points experimentally. Such tests gave the best thickness of vane 
to be used for torsion pendulums in absolute measurements. Incidentally from the 
results of these tests the modulus of elasticity and the velocity of sound in the material 
of the pendulum can be determined. 


39. Measurements of street noise in New York City. E. E. Free, 175 Fifth Ave., 
New York City.—A systematic survey has been made of the street noise of New York 
City, using the 3-A audiometer devised by the Bell Telephone Laboratories, Inc. A 
standard buzzer note produced by this instrument is allowed to enter the ear of the 
observer, simultaneously with the street noise. The intensity of the buzzer note is 
adjusted until it just masks the street noise. Street noise was found to be due practically 
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entirely to traffic, the automobile truck being by far the greatest noise producer, with 
street cars and the Elevated Railway making much smaller contributions to the noise 
level. The physical intensity of the street noise, estimated by calibrating the ear of the 
observer, was found to vary between approximately .001 dyne per square centimeter 
and approximately 20 dynes per square centimeter. 


40. The production and measurement of a beam of neutral molecules. THomas H. 
Jounson, Yale University.—A beam of mercury vapor was formed by a condensation 
method similar to that used by R. W. Wood (Phil. Mag. 30, 300 (1915). Mercury was 
heated to a vapor pressure of 8 cms. The vapor passed from the heating vessel through 
two holes 0.25 mm in diameter which were separated by a liquid air cooled chamber 
8 cms long, thus permitting a sharp beam of vapor to issue from the second hole into an 
evacuated region beyond. An ionization gauge of the Dushman and Found type having 
a capacity of 20 cm was used to explore the beam. The guage was completely closed 
except for a slit 0.05 mm by 0.2 mm and was so mounted that the slit could be moved 
along a line intersecting the beam at a right angle at a distance of 8 cms above the last 
hole. When the slit was placed in the beam the pressure in the gauge increased from 
1x10 to 3X10 mm. The half-value period for pressure changes was about 3 secs. 
An experiment is now in progress in which the beam is to be sent through a non-uniform 
magnetic field and the magnetic moment of the mercury atom measured by the deflec- 
tions observed with the ionization gauge. 


41. Thermal expansion of tungsten. PETER HIDNERT and W. T. SWEENEY, Bureau 
of Standards.—This paper gives the results of an investigation on the linear thermal 
expansion of tungsten (99.98 per cent) over various temperature ranges between — 100 
and +500°C. The expansion of tungsten is given by the following empirical equation: 
L,=L)[1+(4.282+0.00058#)10~*], where Z; represents the length of the metal at any 
temperature ¢ between —105 and +502°C, and Lo the length at 0°C. Average coeffi- 
cients of expansion for various temperature ranges are given in the following table. 

Average Coefficients of Expansion per Degree Centigrade. 


—100 to —50°C Ae Sl) —100to O°C 4.2107 
— 50to 0O 4.3; 0 to 100 43: 
0 to +50 4.3; 0 to 200 4.4; 
+ 50 to 100 4.4; 0 to 300 A, 5s 
100 to 200 4.5; 0 to 400 4.5% 
200 to 300 4.6; 0 to 500 4.6; 
300 to 400 4e/: — 100 to 500 4.5. 
400 to 500 4.8; 


42. Heat transfer in the annular space between two coaxial cylinders. S. R. PARSONS, 
University of Arkansas.—Two brass tubes are mounted with a common axis, one inside of 
the other, and are warmed by driving hot air, in turbulent flow, through the annular 
space between them. The rates of transfer of heat to the two tubes are compared by 
means of a coefficient representing heat transmitted per unit time per unit area of 
metal surface per unit difference of temperature between metal and air. Lees has shown 
that in streamline flow there would be a difference in the surface friction per unit area 
for the two tubes, and if that were true of turbulent flow, there should be a correspond- 
ing difference in the coefficients of heat transfer. Experiments show that if there is such 
a difference, it is not of the magnitude that would be expected from Lees’ equations, 
and fail to show with certainty that any difference exists. 
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Preteen GULARI IY OF THE Ka DOUBLETS IN 
THE ELEMENTS OF LOWER ATOMIC NUMBERS 


By D. M. Bose 


ABSTRACT 


In this paper attention is drawn to the recent measurements of the sepa- 
ration Ad of the Ka doublets of the lighter elements from Al(13) to Ge(32) by 
Siegbahn and Ray and by Bicklin. From these measurements it appears that 
the experimentally determined values of Av/R(Z—3.5)4 deviate systematically 
from those calculated according to the relativity formula of Sommerfeld. This 
deviation is especially large in the case of the Fe group of elements. In order 
to account for this deviation it is supposed that the experimentally determined 
Av/R=Arre/R+Avmag/R. The first term on the right hand side is due to the 
relativity change in the mass of the radiating electron in the two orbits which 
produce the relativity doublet, and which can be calculated according to 
Sommerfeld’s formula. The second term is due to the difference in the magnetic 
energy of the excited atom corresponding to the two different kz values of 
the radiating electron. To calculate this term use has been made of the model 
which was proposed by Landé to explain the relativity doublet on a magnetic 
basis. According to the calculations it is shown that Avmag/R(Z—3.5)3 =a?/14 
or 3a?/32 according to the interpretation which is given to ky. The first formula 
is obtained if k determines the inclination of the orbit of the radiating electron, 
while the second formula is obtained if k2 determines the shape of the electron 
orbit. The mean of the experimentally calculated values agrees better with the 
second formula. 

The peculiar behavior of the Ka doublets belonging to the first transition 
group of elements is accounted for on the assumption that the inner magnetic 
fields in the atoms of these elements are large and therefore produce greater 
magnetic separation. It is further shown that the hypothesis, that the M33 sub- 
level is formed first in this group of elements, and then the M32 sub-level, which 
was introduced in a previous paper to explain the paramagnetic moments of 
these elements, receive further support from the above mentioned data. 


ECENTLY the separation Ad of the Ka doublets of the lighter 
elements has been the object of accurate measurements by Siegbahn 
and Ray,! and by Bicklin.2 In Table 1, column 2, the values of AA 
for the Ka doublets of the elements Al(13) to K (18) have been taken 
from Backlin and of the elements Ca(20) to Ge(32) from Siegbahn and 
Ray. With these values of AX I have calculated in column 4 the values 


1 Siegbahn and Ray, Ark. f. Mat. Asts. O. Fys. 18, 1 (1924). 
? Backlin, Zeits. f. Physik 33, 547 (1925). 
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of Av/R(Z—3.5)4 for these elements and plotted them in curve II of 
Fig. 1. In curve I have been plotted the values of the same quantity 
as calculated according to Sommerfeld’s relativity formula 


Av a 


Snes} 7 [1+ <(2-3.5)4 - = | 


It will be seen that the difference between these two sets of values of 
Av/R(Z—3.5)* for different values of Z decreases continuously with 
increasing Z, with a sudden rise and subsequent fall as we pass along 
the transition groups of elements. It is the purpose of the present paper 
to offer an explanation of this deviation of the experimentally deter- 
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mined values of Av/R(Z—3.5)* from those calculated according to 
Sommerfeld’s formula. The explanation is based on the assumption 
that the difference in energy radiated by the emitting atom in the two 
states corresponding to the two orbits of the radiating electron is due, 
not only to the relativity change of mass of the latter but also to 
the change in the magnetic energy of the atom in these two states. 
We shall deal first with the continuous decrease in the value of 
(Av,5;—Aveat)/ R(Z — 3.5)4 with increase of Z, and then we shall consider 


the anomalous behavior of the Ka doublets of the elements Sc (21) to 
CuaZd): 


THE IRREGULARITY OF THE Ka DOUBLETS Pe 


I. ContTINuouS DECREASE OF (App, —Ayv,e:)/R(Z —3.5)4 With 
INCREASE OF Z 


The x-ray energy levels are characterized according to the notation 
introduced by Bohr and Coster? by three quantum numbers n(kik2), 
where k; and ke are the two azimuthal quantum numbers such that 
ko=k, or ki—1. The rules governing their transitions are kik, +1 
and kp—k»+1 or ke. In the optical spectra any one term is represented 
by mz;, and from the rules governing the transition of k and 7 it can be 
shown that k is similar to the azimuthal quantum number & and k» to 
the inner quantum number 7. This similarity between x-ray and optical 
doublet terms has been pointed out by Landé.* According to the then 
accepted theory of the magnetic origin of optical doublets, Landé has 
in this paper proposed a similar explanation of these so-called relativity 
Ka doublets. He supposes that in an atom in which every shell has 
received its maximum number of electrons, the resultant moment of 
each is vanishingly small except in the case of the K-shell which has a 
resultant of one Bohr’s unit of h/27. If now from any shell containing 
say 2n electrons with the azimuthal number F one is ejected, then the 
remaining 2n—1 electrons break up into a stable configuration of 
2n—2 electrons with resultant moment equal to zero, and a radiating 
electron with azimuthal number k . The vectorial addition of the unit 
moment of the atom core (K-shell) and the moment k of the radiating 
electron can give rise to two values of atomic moment j, viz.,k andk—1. 
If we identify k; with k and ke with j we get at once an explanation of 
the doublet nature of the x-ray terms. 

Two energy levels for which z and k; are the same and ky differs by 
unity from a relativity doublet. This would imply according to Landé 
that the atom core has two different inclinations with respect to the 
orbit of the radiating electron, and the term difference Avmag can be 
calculated, according to a model proposed by Heisenberg, as follows 


Avmag = HoAm/ 2x (1) 


where H=32n°me7Z3/chink? is the average field created by the radiat- 
ing electron, and o is Larmor’s precession in unit magnetic field. 
Am is the change in the quantum number of the atom core, resolved 
parallel to the direction of H. 


3 Bohr and Coster, Zeits. f. Physik 12, 342 (1923). 
4 Landé, Zeits. f. Physik 24, 88 (1924). 
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On substituting these values in (1) we get 


Sartme® 
Hc2n3k? 
Ra? 
—Z2Am 
nk? 


since 
R=2nmet/}® and o=4re4/hc? . 
If we take into account the screening effect, then 
Avmag/ R(Z— 3.5)? = 0? / nh? : (3a) 


We get another expression for AYmag if we assume, as is necessary to 
explain the origin of these doublets on the relativity theory, that ke is 
the azimuthal quantum number, so that a change in kg represents an 
alteration in the shape of the orbit of the radiating electron and not in 
its inclination. In this case if m is the equatorial quantum number of 
the atom in the direction of H, then the magnetic energy of the former 
in the field of the radiating electron is 


AE kin= moLH/2r 
Keeping m constant and altering ke, i.e. H, we get 


Bie a AE kin™ 


AVmag = ; 
Ra2(Z—3.5)?m 1 i 
ee 
or 
AY mag a’m 1 1 
oe). = 
R(Z—3.5) ns ke? ke’? 


The corresponding expression for the relativity separation is 


AVret * a2 ( he!’ — ke’) 


APE ATS 4 
R(Z— 3 5)4 nko! ke!’ ( 


In the case of the Ka doublet ko’ =1; ko’’=2 while the value Clee 
in (3a) is according to Landé equal to k?—14=7/4. Further in (3a) 
Am=1 and in (3b) m=1. 

Then according to (3a) 


Avmag/ R(Z—3.5)8= 02/14 (Sa) 
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and according to (3b) 

Avmag/ R(Z— 3.5)? = 302/32 . (5b) 
From (4) 

Avrer/ R(Z—3.5)*= 02/16 . (6) 


The formulas (3a) and (3b) have been deduced on the assumption 
that the magnetic energy is due entirely to the action between the 
magnetic moment of the K-shell and the field due to the radiating elec- 
tron. If in addition there are other shells with uncompensated magnetic 
-moments there will then be further addition to the magnetic energy of 
the excited atom. This term is at present difficult to calculate. 

The burden of the experimental evidence is in favor of Sommerfeld’s 
relativity formula, and Landé himself has given up his views about the 
magnetic origin of the Réntgen doublets. There is no reason however 
to suppose that the two effects cannot exist side by side, so that the 
observed separation Av,,,/R can be represented as being given by 


Avobs AV ret Vag 


R R R 
(Z—3.5)~ (145 ) Een 
= ( 7a A = — } according to (5a 
16 14 Z—3.5 ° 
a 3 1 é 
= (Z—3.5)+— (145 aa) according to (5b) 
16 2 Z-—3.5 


For large values of Z, the second term on the right hand side is 
negligible in comparison to the first, and it is in this region that Sommer- 
feld’s formula has been so well experimentally verified. While for small 
values of Z, i.e.,in the region studied by Siegbahn and Ray and by 
Backlin, the second term is no longer negligible, and we have then, 
according to (5a), 

Avobs—Avret Bs fayletey. 19 @ cd one ne 
R(Z—3.5)8 REZ 35)? a4 14 
and according to (5b) the same expression has the value 3a?/32 or 
4.97x<107° 

In Table I, I have subtracted from the observed values of Av/R, 
the values of Av,.;/R calculated according to Sommerfeld’s formula, 
and have called these differences Avma,/R. According to the view 
that is taken of the azimuthal quantum number ke, the value of 
AV ma,/R(Z — 3.5)? ought to be either 3.8107* or 4.97 X10. 
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In column VII, I have placed the calculated values of this quantity 
for the elements Al(13) to Ge(32). Leaving for the present the transi- 
tion group of elements Sc(21) to Cu(29), we find that with the exception 
of the very low value for Zn(30) the other elements give values for this 
quantity of the expected magnitude. Omitting Zn, the mean value is 
found to be 4.78X10-%, which is very near to the value calculated 
according to 5(b). This would imply that so far as the magnetic energy 
of the atom is concerned, the second azimuthal quantum number kz 
represents the shape of the orbit of the radiating electron, and not its 
inclination to the atom core. 


TABLE I[ 


Ap - Avmag 

wi An Av/R —_—_———- Av/R Av/R _—_ 

| RZ sane (rel) (mag) R(Z—3.5)8 
x 108 
13Al 2.44 0.03139 0.3943 0.02706 0.00433 5.05 
14Si 2.58 0.04651 0.3838 0.04037 0.00614 Sc32 
I5P ete 0.06570 0.3759 0.05814 0.00756 4.97 
16S 2.88 0.09131 0.3742 0.08122 0.01009 5,05 
17) py 0.12150 0.3660 0.1106 0.0109 4.43 
19K See 0.20950 0.3631 0.1925 0.0170 4.57 
20Ca 3.26 0.26440 0.3570 0.2475 0.0169 3si8 
21S x West 0.33560 0.3576 0.3136 0.0220 4.11 
PA 3.45 0.41780 0.3643 0.3920 0.0258 4.07 
23V 3.60 0.52550 0.3763 0.4845 0.0410 5.54 
24Cr 3.89 0.67900 0.3836 0.6064 0.0726 8.31 
25Mn 4.08 0.84500 0.3949 0.7180 0.1270 12.77 
26Fe Ay22 1.0250 0.4019 0.8624 0.1626 14.28 
27Co 4.19 1.1920 0.3920 1.027 0.1650 Zz 
28Ni 3.90 1.2920 0.3588 1.214 0.078 5.30 
29Cu 3.86 1.4810 0.3514 1.430 0.051 3.08 
30Zn cere / 1.6890 0.3475 1.670 0.019 1.02 
32Ge ao 2.2650 0.3439 2.243 0.022 5.09 


Il. THE ANOMALOUS BEHAVIOR OF THE Ka DOUBLETS OF THE ELEMENTS 
Sc(21)erorGum@e 


The view which has been considered above receives further support 
when we consider the anomalous behavior of the Ka doublets of the 
transition group of elements which are strongly paramagnetic. Accord- 
ing to the scheme of distribution of electrons in the different atomic 
sub-levels proposed by Stoner,* it is supposed that every such sub-level — 
is characterized by the numbers 7;;, and the maximum number of 
electrons which can occupy any one of them is 27. In the first transition 
group of elements from Sc(21) to Cu(29), it is supposed that the two 
inner 3-quanta sub-levels M32. and Ms; are built up with 4 and 6 elec- 


5 Stoner, Phil. Mag. 48, 719 (1924). 
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trons respectively. In a previous paper,® I have shown that from 
magnetic evidences it can be concluded that the M33 sub-level is first 
completed at Fe(26) and then the M32 sub-level is completed between 
Co(27) and Cu(29). In order to explain the experimental values of 
the magneton numbers of the atoms and ions of these elements, it had 
to be assumed that the M32 electrons move in a sense opposite to those 
of the M3; ones. It is at once evident that in the atoms of these elements 
strong inner magnetic fields exist, and in calculating the magnetic 
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energy of the excited atom we have to take into consideration not 
only the energy of the atom core (i.e. of the K-shell) with respect 
to the magnetic field of the radiating electron, but also of the freshly 
formed M32 and Ms33;3 shells, and we can see why in these elements 
the value of Avna/R is large. In Fig. 2, I have plotted the values 
Of A’ma,/R(Z—3.5)? as a function of Z, and it will be noticed that the 
curve bends sharply upwards at Ca(20) and reaches its maximum at 
Fe(26), and then it bends downwards and reaches a minimum at Zn(30). 


® Bose, Zeits. f. Physik 35, 213 (1925). 
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It seems as if the inner magnetic field reaches its maximum value when 
M;3 sub-level is completed at Fe(26), and that this field is gradually 
neutralized by the one due to the motion of the electrons in the M32 
orbits. We have thus an independent verification of the successive for- 
mation of the M33; and Mz. sub-levels in these elements, a hypothesis 
which was assumed in a previous paper to explain certain magnetic 
effects. 

Here an interesting question arises as to the resultant value of the 
magnetic moment of the six electrons in the M33 sub-level in the atoms 
of Fe(26) and the other heavier elements of this group. From spectro- 
scopic evidences Sommerfeld and his co-workers’ have concluded that 
the magneton number of Fe, Co, and Ni are 6, 6 and 5 respectively. 
These values do not at all agree with the values of the atomic moments 
found by Gerlach’ for the elements Fe, Ni and Cu, which were found 
to be 0, 2 and 1 magnetons respectively. In the previous paper,® I 
have tried to calculate the magnetic moments of these elements and 
their ions from the following distribution of electrons. 


Mir Mie? 


Fe: -— 6 2 
[er Al 6 2 
Nige=2 6 2 
Caz -4 6 1 


The assumptions made were (i) that the magneton number is M33+ 
NiuitMs3., (ii) when any sub-level has received its maximum number 
of 27 electrons its resultant moment is zero. On these assumptions the 
atomic moments of the elements Fe, Ni and Cu come out to be 0, 2 
and 1 respectively in agreement with Gerlach’s results. On the other 
hand if we alter (ii) and suppose that the M3; sub-level always con- 
tributes 6 magnetons to the total moment of the atom, then for the 
elements Fe, Co and Ni the values of the magneton numbers come out 
to be 6,5, 4 respectively which are close enough to the spectroscopically 
_ determined values of 6, 6, and 6. In the case of the Ka doublets of these 
elements, we have similarly to suppose that the magnetic field produced 
by the motion of the electrons in the M3; orbits rises to its maximum 
value in Fe(26) and that this field is only compensated by the contrary 
one produced by the 4 electrons moving in the M3. orbits in Cu(29). 
Thus in general the magnetic energy of the excited atom is due to the 
magnetic interaction of the radiating electron with the different shells 
in the atom. The contributions made by each of them is at present 
difficult to calculate. If the rather low value of Avma,/R(Z—3.5)* for 


7For references see (6). 
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Zn(30) which was noticed previously is not due to experimental error, 
then it may probably be attributed to the fact that in Zn the Ny 
shell is completed. 

Similar periodic variation in the sepration AX for the La doublets of 
the elements Nb(41) to Ur(92) has been tabulated by Ray,® and may 
also be attributed to magnetic origin. The first of these periods is due 
to the second transition group of elements from Nb(41) to Pd(46), in 
which the Nz. and N33 sub-levels are completed. The separations AX 
for all the elements of this group are not contained in Ray’s paper, and 
the order of accuracy in the measurement is not so great as that for the 
Ka doublets. The maximum separation obtained is due to the La 
doublet of Mo(42) the next being that of Ru(44). If these measure- 
ments are correct then it would indicate that the N32. sub-level is com- 
pleted first and then the N33, contrary to the order in which the Mg» 
and Msg; sub-levels are formed. 

In conclusion I wish to express my thanks to Messrs. H. P. De 
and R. Mukherjee for helping me with the calculations contained in 
this paper. 

UNIVERSITY COLLEGE OF SCIENCE, 

DEPARTMENT OF PHYSICS, 


CatcutTta, INDIA, 
December 22, 1925. 


® Ray, Phil. Mag. 48, 707 (1924). 
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THE K EMISSION SPECTRA FOR ELEMENTS 
TIN (50) TO HAFNIUM (72) 


By J. M. Cork Anp B. R. STEPHENSON 


ABSTRACT 


Using an x-ray tube and transmission spectrograph as previously described, 
measurements were made of the K series emission wave-lengths of elements 
from Sn (50) to Hf (72), except Xe (54) and Ho (67). The 8 line is resolved 
for most of the elements into two components g’ and B, having a wave-length 
difference of about .76 x-units. The wave-length difference between the 
x’ and @ lines varies from about 4.4 x-units for tin to 4.84 x-units for hafnium. 
This doublet difference when plotted with atomic number gives a curve with 
slight irregularities for groups of points, which may bear a relation to the 
method of adding additional electrons in the process of atom building. 


"THE K series emission wave-lengths for the elements Sn (50), 

Sb(51) and Te(52) have been measured by Leide.! For the ele- 
ments Ba(56) to Nd(60) and Sa(62), Gd(64), Dy(66) and Er(68), 
measurements were reported by one of us.? In these measurements it 
was later found that an error existed due to an inaccuracy in the 
scale of the expansion micrometer gauge used to measure the distance 
between the slit and photographic plate in the x-ray spectrograph. 
When proper correction is made the previously published values are 
found to have a slight consistent error. More plates have, however, 
been taken for all these elements on the larger spectrograph used in 
this investigation. Liede* has recently published wave-length values 
for many of the K series lines of some additional elements. 

If measurements for successive elements are to be compared, it is 
desirable that they be made with the same spectrograph. In the 
present paper the K emission spectra of all elements from Sn(50) to 
Hf(72) with the exception of Ho(67) and Xe(54) have been investi- 
gated. 


APPARATUS 


X-ray tube. The x-ray tube was similar in construction to that 
previously described’, having ground joints at both anode and cathode 
ends. The compounds containing the elements under investigation 
were placed on the face of the water cooled target by first applying to 

1 See Siegbahn, Spectroscopy of X-Rays, 1925. 

2 Cork, Phys. Rev. 25, 197 (1925). 


3 Leide, Dissertation, Lund, (1925). 
# Stephenson and Cork, Phys. Rev. 27, 138 (1926). 
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the target face a thin coating of shellac and then covering it with a 
thin coating of the powder. The whole end of the target was then 
heated to expel the volatile matter. Oné application of material in 
this way was generally sufficient for the necessary exposures. 
X-ray spectrograph. The x-ray spectrograph used in this investiga- 
tion has been previously described.4 The large distance (75.593 cms) 
between the slit and the photographic plate resulted in a very good 
resolution of the K series lines, so that the 6 line which normally 
appears as a broad single line showed as a doublet. A calcite crystal 
was used. The grating space assumed in the computations, since the 
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Fig. 1. Values of +/ »/R for K series lines plotted against atomic number. 


basement room in which the experimental work was performed was 
uniformly constant at about 22°C, was the value given by Siegbahn 
and Compton at 22°C, 3.02916A. No correction is made for the refrac- 
tion of x-rays by the crystal material. 


RESULTS 


Table I presents a complete summary of the data obtained. Along 
with the wave-length values are given the frequency numbers »/R 
and the square root of v/R where is the reciprocal of the wave-length 
in cms and R is the Rydberg number 109,737. Fig. 1 shows the square 
root of v/R plotted with atomic number. In Table II are recorded values 
for the two components of the B line (8’ and 8) for all of the elements 


a2 J. M. CORK AND B. R. STEPHENSON 


except the first three. Most of the rare earth compounds used were not 
chemically pure but contained neighboring elements as impurities so 
that overlapping spectra were obtained. In only one case, however, 
did lines occur so close together as to make the measurement of one of 


TABLE JA 


Summary of data for K series emission lines, Ka and Ka’ 


a a 
Element IN v/R V7/R »/R Vy/R 
_Blemenn eee 
50Sn 494.06 1844.4 42.947 489.66 © 186171 ~alnigg 
51Sb 474.00 1922.5 43.846 469.54 1940.8 44.054 
52Te 455.04 2002.6 44.746 450.51 . 2022.8 44.975 
531 436.94. | 9085 Son (45.003 432.43 2107.3 45.905 
55Cs 403.98 2255.7 47.485 399.48 2281.1 47.761 
56Ba 388.91 2343.1 48.404 384..31.° “(29711 oo2 
57La 374.60 (2432.6 497321 369.96 2463.1 49.630 
58Ce 360.97 ~ | 2524.5.) 9507242 356.37 © 72557. ee pOnsen 
59Pr 348.05 =2618-2)) B5ieieg 343.40 «2653. Gyaeeo eons 
60Nd 335.06 9|- 2712.4-— moerer 331.31. |- 2750.5 teee2e4> 
62Sa 313.20 2909.5 53.940 308.54 2953.4 54.346 
63Eu 302.69 3010.5 54.868 297.99 3058.1 55.300 
64Gd 999 At 3116.4 sarosee 287.73 - +3166,9 "iy sorese 
65Tb 987.04. 3220.7 e enOetom 278-19 3275. ho weoieese 
66Dy 973.64 333031 (Sie 968.87 3389.2 wesoeeen 
68Er 256.72 ' (3549.6 | 597576 751.99 | 3616.20 oOetes 
69Tm 248.61 3665.4 60.543 243.87 — 3736, tee eee 
70Yb 240/909" *3738103 61.493 936.22. 3857 eee 
71Lu 933.58 -' 39011346 02460 998.82 -. 3982.4<4=632107 
72Hf 226.53 4022.7 63.424 221.73 4109.8 64.108 


ee 


TABLE IB 


Summary of data for K series emisston lines, KB, 8’, and Ky 


Sen nnn nT 


6’, B (ave) ‘3 
Element N v/R V/R - nN »v/R Vv/R 
I 

50Sn 434.68 2096.4 45.786 425.13 2143.5 46.298 
51Sb 416.42 2188.4 46.780 407.20 2237.99 eadeo0s 
52Te 390.20 . 2282.07 Gadia are 390.49 2333.6 48.308 
531 383.54 2376.0 48.745 374.61 2432.5 aogen 
55Cs 383 00 7075 74028 50a 345.16 - ' 264075 9 oe oee 
56Ba 340.56: \) 2675485 bd 26 332.22 ° 274209 see 
57La 397.68 | 1 2781.0) eee 319.66 2850.7 weseeoee 
58Ce 315.37. #28895. enose oo 307.70 2961.5 54.419 
59Pr 304.00 2997.6 54.751 296.25 3076.0 55.462 
60Nd 293.13. "3108.79 wos ar50 285.73. 3180¢¢meeooees 
62Sa 272.88 3339.5 57.788 265.75 342% (5 eeaeeote 
63Eu 263: 47, of. 3458, 8, abo inie 256.45. 3553.40 enomois 
64Gd 254.33 3581.0 . 59.859 - 247.62 | SOS0RI0NNaeaiems 
65Tb 245.90 3705.8 60.875 939.12 ~ 3810/9 961.733 
66Dy 937,49, 3837 <1 1.610945 231.28 3940.1 62.770 
68Er 222.58 4094.2 63.986 916.71 4205.1 °° 64.847 
69Tm 215.23 4234.0 65.069 
70Yb 208.75 4365.4 66.071 203.22 4484.1 66.963 
71Lu 202412) BEAS08 C7 R67 2146 196.49 4637.7 68.100 
72HE 195.49 4661.4 68.275 190.42 4785.5 69.178 
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them impossible. The y line for Tm(69) was overlapped by the 6 line 
for Yb(70) which was found as an impurity in many of the compounds. 


AGERE LI] 
Values for K series B’ and B lines. 
p B 
Element rN v/R Vv/R nN v/R V>/R 
Sal 383 .92 231356 48.720 BSoLto 2378.4 48.769 
55Cs 354 °36 2511.5 50.710 3557.02 2576.9 50.763 
56Ba 340.89 Zora 51.700 340.22 2678.5 S1e 752 
57La 328.09 2h 52.701 32/226 2784.5 52.769 
58Ce S15. fz 2886.2 ste Pas 515-01 2892 .8 53.787 
59Pr 304 .39 2993.7 54.715 303 .60 3001.5 54.786 
60Nd 20551 3104.7 Pe PAW 292.75 SLT BS 791 
62Sa yap ea aes 3334.9 57.749 272750 3344.1 57.828 
63Eu 263 .86 3453.6 58.767 263 .07 3463 .9 58.855 
64Gd 254-41 cbt io 59.814 253 .94 3584.4 59.904 
65Tb 246.29 3699 .9 60.827 245.51 Sill ed 60.924 
66Dy 237.87 3830.9 61.895 237.10 3843 .3 61.995 
68Er 223 .00 4086.4 63.925 Ap Aeag 8 4102.0 64 .047 
69Tm 275.258 4227.0 65.015 214.87 4241.0 65123 
70Yb 209 .16 4356.8 66.006 208 .34 4373.9 66.136 
71 202.52 4499 .6 67.079 201 al AS ied 67.214 
72Hf£ 195.83 4653.3 68.216 195.15 4669.5 68 .334 
A 
¢ 
of 
60 ; 
60 al KX 
o AB 


Fig. 2. Micro-photogram of K series lines of Sa(62) and Nd(60). 


Fig. 2 shows a typical micro-photogram of a portion of one of the 
plates, which shows the presence of the elements Sa(62) and Nd(60). 
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Although the curve of the micro-photogram gives some notion of the 
relative intensity of the lines, it cannot be taken as an absolute measure 
because several factors, such as inequality in exposure for the different 
wave-lengths, non-linear density-exposure relation for the photo- 
graphic film, etc., render the ordinates inaccurate as measures of 
intensity. 

The lines were photographed on each side of the zero position and 
the distance between the same spectral line on opposite sides was 
measured. In this spectrograph a distance between lines of 10 cms 


TABLE III 


Some wave-length differences between K 
serves lines. 


Element Aa’—Aa AB— Ay Ap’— Ag 


50Sn 4.40 9750 pee 
S156 4.46 9.22 eae oF 
52Te 4.53 8.80 orn 
eal 4-51 onus SE) 
poe 4.50 8.83 0.74 
56Ba 4.60 8.34 0.67 
57La 4.64 8.02 0.83 
58Ce 4.60 TeOd, se O74 
59Pr 4.65 ire. 0.79 
60Nd 4.65 7.40 Ord 
62Sa 4.64 743 0.75 
63Eu 4.70 702 0.79 
64Gd 4.68 6.71 0.77 
65Tb 4.75 6.78 0.78 
66Dy 4.77 6:21 Om? 
68Er 4.73 5.37 0.85 
69Tm 4.74 — 0.71 
70Yb 4.77 hie, 0.82 
Vika 4.76 | 3363 0.81 
72Hf 4.80 5.07 0.68 
13.2 4.85 9.39 Fe 
74W 4.83 5.24 ee 
760s 4.86 4.86 7 
iat: 4.85 4.74 jon 
78Pt 4.81 4.83 Sree 
79Au 4.87 4.76 Ee 
81Tl 4.86 4.72 ees 
82Pb 4.88 4.81 rans 
83Bi 4.84 Se te rom} 


corresponded to a wave-length of about 400 x-units. The a and a’ 
lines were very sharp and well defined and their distance apart readily 
measurable to .01 mm involving a probable error of +.04 x-units. 
While the 6 line is normally very broad the components when resolved 
are more clearly defined. The y line is somewhat diffuse and rather 
weak in intensity unless the a lines are over exposed, hence the error 
for the 8 and ¥ lines may be considerably greater than for the @ lines. 
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Column 3 of Table III shows the results obtained by subtracting the 
wave-length of the a line from that of the a’ line for each of the ele- 
ments. This wave-length difference is associated with the energy 
difference between the L2 and L; electron levels. The same results are 
shown graphically in Fig. 3. It may be observed that there is in general 
an increase in AX with atomic number from about 4.40 x-units for tin 
to 4.80 for hafnium. In the region of the rare earth elements, however, 
certain groups of points seem to show a systematic deviation from a 
smooth curve by amounts slightly greater than the probable experi- 
mental error. These changes in slope may have significance in the 
way electrons are added in the process of atom building. An increase 
in slope might be interpreted as an indication that the electron is 
added in such a way that its screening effect is greater by an unusual 
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Fig. 3. Wave-length differences, (a’—a) and (8—v) plotted against 
atomic number. 


amount upon the L; level than upon the L2 level. This might be the 
case if the electron is added in the very eccentric orbits such as the 
4,, 51, 61, or perhaps 42, 52, 62 levels since in these the electron pene- 
trates close to the nucleus during a portion of its path. Thus an up- 
ward slope might be expected for the elements 55 and 56 since for these 
elements the last electrons are added in a 6; orbit. However, for 
57 et seq. it is presumed electrons are added in such a way as to fill 
up the vacancies in the four quantum or five quantum orbits. Accord- 
ing to the plan of Stoner these unfilled orbits are not the most eccentric 
while in the Bohr and Coster arrangement two electrons must be 
added to each of the eccentric 41, 42, 51, and 52 orbits. Too much con- 
fidence must not be placed herein because the deviations are of the 
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same order of magnitude as the experimental error. Siegbahn and Ray® 


have observed the variation in this doublet difference for lighter ele- 
ments showing very noticeable irregularities. In the region of the 
alkali metals K and Ca the curve had a negative rather than positive 
slope while for Rb and Sr the slope was positive. The L aa’ doublet 
has also been investigated by Ray® for the elements mentioned in this 
paper and periodic deviations from a smooth curve observed. 


TABLE IV 
Element hy \Kabs* y—AKabs* .  Av/R Av/R 
(Lg —L,') [Kee Ky’) 
50Sn 425.13 423.94 1.19 16.72 1647 
51Sb 407 .20 406 .09 ihe 18.30 18.3 
52Te 390 .49 389 .26 4223 20.00 20.2 
531 374.61 373.44 1t7 Cy bea LV 2178 
55Cs 345.16 344.07 1.09 25.59 25.4 
56Ba 332.22 330.70 haere 27.74 28.0 
57La 319.66 318.14 1.52 30.01 30.5 
58Ce 307.70 306.26 1.44 32.05 32.6 
59Pr 296.25 295.1 1.15 35.02 35.4 
60Nd aSce7s 284.58 1.15 37.86 38.1 
62Sa 265.75 264.4 143 43.95 43.9 
63Eu 256.45 254.8 1.6 Ligh SW! 47.6 
64Gd 247 .62 246.2 1.4 50.64 50.5 
65Tb 239.12 237 .6 1.5 54.36 55.0 
66Dy 03128 230.1 122 58.24 59.1 
68Er 210 A 66.81 66.6 
69Tm 71527 1143 
70Yb 203 .22 201.6 1.6 76.08 76.4 
71Lu 196.49 195.1 1.4 81.11 81.1 
72Hf 190.42 86.76 87.1 


* Siegbahn, English Edition, 1925. 


Column 4 of Table III shows in a similar way the result obtained 
by forming the wave-length difference between the average 6 and | 
lines for each element. This wave-length difference decreases in general 
with atomic number from 9.55 x-units for tin to 5.07 for hafnium. 
These results are also shown graphically in Fig. 3, curve B. This wave- 
length difference is associated with the energy difference between the 
Me,3 and Ne,3 orbits. It may be observed that here also certain groups 
of points deviate somewhat from a smooth curve. This is observable 
particularly well in the region of elements 53 to 57. 

Column 5 of Table III shows the wave-length differences for the 8’ 
and 8 lines. This wave-length difference is apparently constant, except 
for experimental error, and has an average value of .76 x-units. 


*Siegbahn and Ray, Arkiv. fér Matematik, Astronomie och Fysik, 18, 19; also 
Siegbahn, Spectroscopy of X-Rays, 1925. 
®Ray, Phil. Mag. 48, 707 (1924). 
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Table IV, column 5, shows a summary of the wave-length difference 
between the y line and the K absorption edge for each element. The 
square root of the frequency difference between the K absorption edge 
and the y line should, when plotted with atomic number, give a line 
of positive slope with abrupt changes in slope in the region of the rare 
earth elements as predicted by Bohr and Coster. As these absorption 
measurements have been made by different observers and some are 
undoubtedly in error this curve is not presented. In columns 6 and 7 
the frequency difference for the Ka doublet is compared with that for 
the LB and La’ lines. The agreement is in most cases fairly close. 


UNIVERSITY OF MICHIGAN, 
December 5, 1925.* 


* Received February 18, 1926.—Ed. 
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THE L ABSORPTION LIMITS OF TUNGSTEN: 
PHOTOMETRIC MEASUREMENTS 


By C. B. CROFUTT 


ABSTRACT 


In a previous paper both the absorption and emission spectra of tungsten 
were photographed simultaneously on the same plate. It has since seemed 
advisable to make a photometric analysis of the original plates showing the 
L absorption bands. The results give for Li, 1.2117A, and for Le, 1.0708A, as 
compared with the former eye measurements of 1.2122A and 1.0716A, though 
the last are regarded by the author as more reliable. The mean variation in 
the measurements is less than .0002A. Ly is clearly between 5 and Bio and 
L. between ys and 2, indeed between 7s and a new line, 1.0699A. 


N A previous work! both the absorption and emission spectra of 

tungsten were photographed simultaneously on the same plate. 
Because accuracy in the measurement of the absorption limits is 
important, it seemed advisable to measure them on the original plates 
by means of photometric curves. . . 

The photomicrograph? used was built and used at the University of 
Iowa. A complete description will be published later. Briefly it con- 
sists of a suitable lens system whereby a narrow beam of light (from 
06 mm. to .12 mm) can be passed through the photographic plate and 
allowed to fall upon one junction of a thermocouple connected to a 
sensitive galvanometer, the deflection of which is a measure of the 
transparency of the plate. 3 

It soon developed that, while the plates appeared very good to the 
eye and under low magnification, they were not of sufficient quality to 
give photometric curves in which the order of magnitude of the irregu- 
larities was less than the variations to be measured. These local 
irregularities were not entirely due to the individual grains of silver 
in the emulsion but to a great extent to the lack of uniformity of the 
emulsion. There were spots on the plate of the order of magnitude of 
a square millimeter which would differ in density from a neighboring 
one by fifty percent. Unfortunately the thermocouple junction had a 
length of sensitive spot of the order of only a millimeter. 

Because of the irregularities in a plate, a single photometric curve 
could not be used to locate the absorption bands with certainty. This 

1C. B. Crofutt, Phys. Rev. 24, 9 (1924). 


2 The microphotometer is a modification of that described by Harrison, J.O,S. Ag & 
R.S.I., 10, 157 (1925). In this article are references to the literature. 
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made necessary several curves over the same region with the setting 
displaced parallel to the spectrum lines. These curves were then 
averaged graphically. The resulting curves, called average curves, 
are the ones shown. Nocurve here presented and showing an absorption 
band is the average of less than two. 

The results are shown in Figs. 1, 2 and 3. Fig. 1 shows the region 
in the neighborhood of the L; absorption band. Curves a, bd and c 
are the average of two or three parallel curves obtained from three 
separate exposures. Curve d is the average of the three curves a, } 


and c. 
0 0.4 


Fig. 1. Average photometer curves showing L; absorption. 
Fig. 2. Average photometer curves: (a) emission, (b), (c), (d) emission 
and Lz absorption. 


Intensity 
Intensity 


Oerecm 0.1 0.2 cm 


Fig. 2 shows the region in the neighborhood of the Lz absorption 
band. Curve a shows the emission spectrum without the absorption 
band. It will be seen that the line marked is one of the new lines 
reported in the previous paper. Curves } and c were taken under 
identical conditions except that the widths of the beams of light pass- 
ing through the plate were 0.1 mm and .06 mm, respectively. Curve d 
is the average of four curves taken from two plates. 
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Fig. 3, the average of three parallel curves, shows the region in the 
neighborhood of the Ls absorption band. It is the least satisfactory 
of the three. 

All curves in Figs. 1 and 2 have been translated so that correspond- 
ing points on the curves have the same abscissas. The peaks of Bs 
and y2 have been taken as corresponding points for this purpose. 

It is seen that the absorption Li falls between the emission lines 
85 and By and that L» falls between the emission lines ys and 72. Since 
the wave-lengths of 85, Bio, Ys and 72 as previously reported have not 
been questioned, these curves show conclusively that L; falls between 
the wave-lengths 1.2133A and 1.2099A and that Le falls between wave- 
lengths 1.0723A and 1.0659A. These wave-lengths are those measured 
assuming the grating space of rock salt to be 2.8140A. 


Intensity 


0 0.1 0.2 cm 


Fig. 3. Average photometer curve showing L; absorption. 


It is noticed that all the curves show on the short wave side of the 
absorption limit a decrease of radiation below that of the continuous 
spectrum in the absence of the absorber. These are the “‘white lines”’ 
referred to in the literature and apparently found only with pho- 
tography. 


TABLE I 
Interpolated values of wave-lengths of L; and Lz absorption bands 
Ly Lz 
Fig. 1(d) Fig. 2(b) Fig. 2(c) Fig. 2(d) Ave. 
Long wave-length edge: 1.2116 1.0709 1.0709 1.0708 1.0709 
Peak: (1.2120 1.0708 t..0710 1.0708 1.0709 
Short wave-length edge: 1.2116 1.0704 1.0707 1.0706 1.0706 


Average: 1.2117 1.0708 
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In the judgment of the author the photometer curves do not furnish 
as accurate a measurement of the wave-lengths as those already pub- 
lished which were obtained by direct measurement of the plates, using 
a dividing engine and a low powered microscope. However, on account 
of the importance of accurate measurements it seemed advisable to 
determine the wave-lengths corresponding to absorptions L; and: L, 
from the curves. This was done by interpolation, using 8; and Bio as 
reference lines for L; and ys and v2 as reference lines for Ly with the 
wave-lengths of the four as given in the preceding paragraph. The 
measurements for these interpolations were taken from three different 


TABLE II 
Comparison of results 
1 2 
Duane Sag pea 244) 1.0730 
Direct Measure f MePt 2122 1.0716 
Photometric Meas.: 1.2117 1.0708 


points on the lines and bands: the long wave-length edges, the peaks, 
and the short wave-length edges. The results are shown in Table I. 
These results are compared with previous results in Table II. It is 
seen that the wave-lengths obtained from the photometric measure- 
ments of the plates are somewhat shorter than the previous results. 

In conclusion, photometric curves have been obtained showing 
the L;, the L2, and the L3 absorptions of tungsten. The results are 
in agreement with the results previously reported, which are regarded 
by the author as the more reliable. 

I wish to acknowledge indebtedness to the members of the staff 
of the physical laboratory at the University of Iowa and especially 
to Professor Stewart, for their interest in the work. 


UNIVERSITY OF ARKANSAS, 
January 25, 1926 
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NATURAL IONIZATION IN GASES 


By JAmMEs W. BRoxoNn 


ABSTRACT 


Measurements of the pressure variation of the natural ionization in air, 
nitrogen, oxygen and carbon dioxide contained in a steel sphere of one foot 
inside diameter, made by H. F. Fruth for pressures from 1 to 75 atmospheres, 
were repeated with slight modifications. Results obtained corresponded with 
those of Fruth with the following exceptions: (1) although the pressure rate 
of variation of the natural ionization at high pressures was very small (0.4 
to 1.0 ion/cc sec. atm.) no abrupt change in the rate of variation and no true 
“saturation”? value of the ionization were observed; (2) no “anomalous” 
behavior was noted in the case of commercial nitrogen, Measurements to 
detect the variation with size of chamber were carried out with spherical iron 
ionization chambers of 7,9,and 12 in. respective internal diameters. The rate of 
production of ions per cc at high pressures did not vary unidirectionally with the 
size of the ionization chambers, but was least in the 9 in. sphere. To study the 
effect of the lining the experiments were repeated with oxygen in each of the 

- spheres lined with aluminum of 1/16 in. thickness, and in the 12 in. sphere lined 
with copper of 1/16 in. thickness. The aluminum lining increased the ioniza- 
tion at low pressures, and decreased its pressure rate of variation at high 
pressures. The copper lining reduced the absolute value of the ionization at 
high pressures. The effect of water vapor on the natural ionization in aged, dust- 
free air, or upon its variation with pressure was found to be negligible. Both 
the absolute and the fractional variation of the natural tonization with time were 
found to depend upon the pressure, the average value of the former during a 
24 hr. period being about twice and that of the latter being about 1/5 as great. 
in oxygen at 55.4 atm. pressure as in air at atmospheric pressure. Very slight 
evidence of a singly periodic diurnal variation in air at atmospheric pressure 
was observed. Attempts to determine the effects of slow chemical reactions 
upon the natural ionization in air and oxygen at atmospheric pressure led to 
negative results. 


INTRODUCTION 


HIS paper has to do with the ionization occurring in closed vessels. 
apart from the action of definitely recognized and localized ionizing 
agents, a problem first attacked from the present point of view by C. T. 
R.Wilson!and Elster and Geitel.? In their work on the variation of the 
natural ionization with pressure, it was found by Downey? in the 
case of air, and by Fruth‘ in the cases of ‘‘purified” air and oxygen, 


; 1C, T. R. Wilson, Proc. Camb. Phil. Soc. 11, 32 (1900); Roy. Soc. Proc. A68, 151 
1901), 


* H. Geitel, Phys. Zeits. 2, 116 (1900); 

J. E. Elster and H. Geitel, Phys. Zeits. 2, 560 (1901). 
*K. M. Downey, Phys. Rev. 20, 186 (1922). 
“H. F. Fruth, Phys. Rev. 22, 109 (1923). 
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that the natural ionization in a gas in a spherical steel container in- 
creased with the pressure until pressures of about 46 and 52 atmos- 
pheres, respectively, were attained, and remained constant as the 
pressures were still further increased. Fruth found a similar saturation 
value in the case of carbon dioxide at 61 atmospheres. His results 
show no such saturation value in the case of nitrogen either as prepared 
commercially or in the laboratory. Moreover, no saturation value was 
observed in the case of oxygen and nitrogen which had been mixed in 
approximately the same ratio as they occur in air. 

It was with the particular object of further investigating the occur- 
rence of these saturation values and of discovering the reason for the 


Fic. 1. Diagram of apparatus. 


“anomalous” behavior of nitrogen, that the present work was under- 
taken at the suggestion of Professor W. F. G. Swann. 


APPARATUS AND MANIPULATION 


The ionization chamber consisted of the same iron sphere of one 
foot internal diameter, with walls of one inch, thickness, which was 
used by Fruth, and the experimental arrangement corresponded 
closely with that described by him, certain modifications being made 
as shown in Fig. 1. The guard system was slightly modified, lead was 
substituted fcr the red rubber gasket, and the compensating condenser, 
C, was fixed. Observations and calculations were also made in essen- 
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tially the same manner as in Fruth’s work, all the precautions listed 
by him being taken in this instance. 

In addition to the original sphere of 12 in. internal diameter, two 
iron spheres were cast, their thickness being 1/4 in. and their diameters 
7 in. and 9 in., respectively. These could be inserted individually 
within the 12 in. sphere and held concentric with it by means of collars 
and a connecting pipe, as shown by the dotted S2 in Fig. 1, E being 
made correspondingly shorter. As in the case of S;, these spheres were 
actually cast as hemispheres and bolted together, but no attempt was 
made to make the inner spheres gas-tight, the pressure inside them 
being everywhere the same as that inside S;. 

In the present case, electrometer fibers from 2 to 5 times as sensitive 
as those used by Fruth were employed; three individual sets of readings 
were taken in practically every instance at each pressure; and the 
gases were passed first through the drying tube and then through the 
dust remover. The calibration constant, K, for a given arrangement 
of the ionization chamber, was usually considered at all pressures® to 
have the same value as at atmospheric pressure. In the case of carbon 
dioxide, however, a considerable variation was observed, and K was 
determined at each pressure. Saturation currents were assured by 
using ionization chamber potentials such that an increase of less than 
0.3 percent in the currents resulted when the potentials were doubled. 

No elaborate system of shielding was adopted. The thick walls of 
the ionization chambers themselves provided a certain amount of 
shielding from external radiations. In one instance, with the 9 in. 
sphere in position and filled with oxygen at a pressure of 200 lbs. per 
sq. in., measurements of the natural ionization were made before and’ 
after the placing of boxes of lead storage battery plates in the vicinity 
of the ionization chamber. These plates provided roughly a 6 in. lead 
wall subtending a solid angle of approximately 47/3 at the center of 
the chamber. With due consideration for its variation with time, the 
natural ionization could not be considered to have been decreased by 
more than 3% percent by the lead shield. An actual decrease, however, 
appears to have occurred. 

The hydrogen and hydrogen sulphide used were formed in Kipp 
generators by the action of hydrochloric acid upon zinc and upon 
ferrous sulphide, respectively. The other gases used were purchased 
from commercial producing companies, with the exception of air which 
was compressed in the laboratory. 


4 It should be noted at this point that throughout this paper all pressures referred 
to in terms of Ibs per sq. in. are pressures in excess of atmospheric pressure. 
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RESULTS AND DISCUSSION 


Pressure Variation. In order to determine the variation with pressure 
of the natural ionization in certain gases, the natural ionization occur- 
ring in air, oxygen, nitrogen and carbon dioxide was measured with 
the 12 in. sphere as ionization chamber, at various pressure intervals 
between atmospheric pressure and pressures in the neighborhood of 
1000 Ibs. per sq. in. The results are shown in Figs. 2, 3 and 5. 

In view of the announced purpose of this research, perhaps the most 
noticeable feature of the results obtained is the fact that in no instance 
was a true saturation value observed. According to Fruth’s‘ results 
a saturation value of the ionization should have been obtained at 53 
atmospheres or about 779 lbs. per sq. in., in the cases of oxygen and of 
air contained in the 12 in. sphere. However, although the above 
pressure was exceeded by from 13.6 to 22.5 atmospheres with both 
oxygen and air in all the cases in which the pressure variation with 
these two gases was investigated, the curves in no instance became 
horizontal nor was there evidence of a sharp break at any point. On 
the other hand, all the curves obtained are smooth and are everywhere 
concave downward, i.e., toward the pressure-axis. It is seen, therefore, 
that with both air and oxygen the slopes of the P-n curves decreased 
gradually with pressure, so that the curves may be considered to be 
approaching saturation values. However, the pressure rates of change 
of slope at the highest pressures are very small and it is only possible 
to conjecture as to whether the curves would finally reach saturation 
values, whether their slopes would continually decrease without vanish- 
ing, or whether the curves would become straight lines with constant 
small slopes. The gradual decrease in the curvature of these curves 
together with the form of the curves for nitrogen and carbon dioxide, 
tend rather to persuade one toward the latter view. The pressure 
curves obtained with nitrogen and carbon dioxide are practically 
straight lines at pressures above 800 and 500 Ibs. per sq. in., respectively. 

In their most important aspects, the results described in this paper 
agree with those of Downey and Fruth. In each case investigated, 
with whatever gas, size of ionization chamber or nature of lining, at 
the highest pressures obtained the rate of increase in the natural 
ionization with pressure was very small, being in no case greater than 
one ion (of one sign) per cc per sec. per atm. The values given in 
Table I for the least slopes agree very well with the values of Aq given 
in Table II of Dr. Downey’s 1922 paper for the CD portion of her 
curves, as well as with the final slopes of Fruth’s curves apart from the 
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horizontal portions of his curves for air and oxygen. As nearly as can 
be determined, if we neglect these portions of Fruth’s curves, we have 
as the ratios of the final slopes of his curves to the final slopes of the 
curves in this paper for the same gases in the unlined 12 in. sphere: 
1.67 for air; 1.37 for oxygen; 1.52 for nitrogen ; 1.67 for carbon-dioxide. 
If his ‘‘saturation’”’ values be neglected, then, it would appear that the 
final slopes of his curves are from 1 1/3 to 1 2/3 times as large as those of 
curves obtained similarly in this investigation. In other words, there 
is very close agreement. 


140 


Ions per cc per sec. 


200 400 600 800 1000 
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Fic. 2; Variation with pressure of the natural ionization in air. 


It may be noted that some of the curves obtained by the writer are 
of the same general type as obtained by Wilson® for pressures up to 
40 atmospheres. Evidence recently provided by Millikan’ for the 
existence of a very penetrating cosmic radiation points toward the 


6 W. Wilson, Phil. Mag. 17, 216 (1909). 


ft R. A. Millikan, Science 62, 445 (1925); Nature 116, 823 (1925); Proc. Nat. Acad. 
Sci. 12, 48 (1926) especially p. 51. 
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probability that ionization due to this source at sea level should be 
very small, and of about the order herein obtained per atmosphere 
increase of pressure at the highest pressures. Swann’ has drawn 
attention to the smallness of the effect to be expected from this source. 


VARIATION WITH SIZE OF IONIZATION CHAMBER 


The magnitude of the natural ionization occurring in a gas at high 
pressures and also its rate of variation with pressure, were found to 
depend upon the size of the ionization chamber. This dependence is 


Ions per cc per Sec. 
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Fic. 3. Variation with pressure of the natural ionization in oxygen. 


readily seen upon inspection of Figs. 2, 3 and 4. One outstanding fact 
which was not-expected is that at the higher pressures the curves for 
the 7 in. sphere lie between those for the’ 12 in. and 9 in. spheres. Thus 
the ionization (ions/cc sec.) must pass through a minimum as the size of - 
the chamber is varied. This peculiarity exists at all pressures above 

1 atm. excepting in the case of oxygen in the unlined spheres, in which 


8 W. F. G. Swann, Nat. Res. Coun. Bull. 17, 3, 65 (1922). 
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case the curve for the 7 in. sphere crosses that for the 12 in. sphere and 
the former has an abnormally high value at atmospheric pressure. 
If the ionization were chiefly due to soft radiations from the walls of 
the ionization chamber and if the magnitude of these radiations could 
be considered to be proportional to the area as long as the walls were 
made of the same material, then an increase in the number of ions 
per cc per sec. should be expected to accompany a decrease in the 


Ions per cc per sec. 
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Fic. 4. Variation with pressure of the natural ionization 
in oxygen. Spheres lined with aluminum. 


volume with its accompanying increase in the ratio of area to volume. 
A theoretical discussion of these matters will appear in a subsequent 
publication. 

At atmospheric pressure, the rate of production of ions per cc in 
the 12 in. sphere was in each case slightly less than the corresponding 
ionization in the smaller spheres. However, without more extended 
series of readings with the various spheres at atmospheric pressure, 
this observation should not be considered to be well established. 
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One interesting observation is (see Table I) that the smallest slope 
or the least change in the number of ions per cc per sec. per atmosphere 
increase of pressure, apparently decreased slightly with the size of the 
spherical ionization chamber. The smallest value observed was about 
0.18 ion/cc sec. atm. in oxygen contained in the 7in. sphere at a pressure 
of 1070 lbs. per sq. in. 


DEPENDENCE UPON KIND OF GAS 


As has been mentioned previously, the curvature in the nitrogen 
and carbon dioxide curves appears to be quite definitely zero over 
considerable distances at their high-pressure ends. Although all the 
values at atmospheric pressure were of about the same magnitude, the 
values of the ionization in nitrogen and carbon dioxide at the higher 
pressures were considerably greater than the values at corresponding 
pressures in the other gases in the same 12 in. sphere. 

It is seen upon reference to Table I that the least slopes of the oxygen 
and air curves are of about the same magnitude, whereas those for 
nitrogen and carbon dioxide are considerably greater and about equal. 
In fact, upon superposition of the nitrogen and carbon dioxide curves 
(Fig. 5), it is seen that they nearly coincide throughout, the latter 
being a little more concave at the lower pressures, while in the former 
the concavity is smaller but more persistent. 


TABLE I 


Least slopes of pressure-tonization curves. 


Least slope 


Gas Ionization Lining ae 

Chamber fe, aliases 5 

cc sec. atm. 
Air 12-in. None 0.40 
Air 9-in. None One 
Air /-in. None 0.26 
Oz 12-in. None 0.65 
O. 9-in. None 0.24 
O, 7-in. None 0.18 
O. 12-in. Al 0.50 
O2 9-in. Al 0.41 
O, 7-in. Al 0.40 
O, 12-in. Cu 0.65 
No 12-in. None 0.97 
CO, 12:in. None 1.00 
Air+H,O Vapor 12-in. None 0.90 


The curve for moist air shown in Fig. 5 was obtained by pouring 
20 cc of distilled water into the 12 in. sphere, unlined, after which aged, 
dry, dust-free air was admitted to a pressure of 750 lbs per sq. in. 
Examination of the curve shows that there was no particular difference 
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(so far as observations extended) between the ionization occurring in 
this case and that in dry air in the same chamber. Values at the higher 
pressures were slightly smaller in the former case than in the latter, 
but the divergence between the two curves is small and gradual. The 
‘ final least slope of the air—water vapor curve is practically the same as 
that of the dry air curve at the same pressure. Therefore, water vapor 
evidently produces no decided effect upon the natural ionization in 


Ions per cc per sec. 
Ps ~~ 
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Fic. 5. Variation with pressure of the natural ionization in N2, CO 
and air saturated with water vapor. 


aged, dust-free air. It might, however, produce a considerable effect 
in the presence of dust particles. 

Since no outstanding differences other than those mentioned above 
were found to exist among the values of the natural ionization or the 
P-n curves obtained for the various gases investigated, there evidently 
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exists no special ‘‘anomalous”’ effect for nitrogen so far as this investiga- 
tion is concerned. There remain, however, the larger slopes for nitrogen 
and carbon dioxide. 


EFFECT OF LINING 


The effects of the metals constituting the ionization chambers, 
upon the natural ionization in gases, particularly air, were early 
investigated by several experimenters,’ especially by Campbell and 
McLennan. These investigations, however, were ordinarily carried 
out at atmospheric pressure. Evidence has been provided to show 
that the natural ionization does depend upon the material constituting 
the vessel, and also upon the particular sample of the material. 

In Figs. 3 and 4 are the three P-n curves which were secured with 
oxygen in ionization chambers of practically the same size (12 in. 
diameter) but with different metals constituting their inner surfaces. 
It is seen that the two curves for the respective cases in which the iron 
sphere was unlined and in which it was lined with copper, start at 
practically the same point and have practically the same initial and 
the same final slope. The early intermediate curvature is rather greater 
in the case of the copper lined sphere, however, resulting in consider- 
ably lower values for the ionization at high pressures in this case. 

With the chamber lined with aluminum, the value of the ionization 
at atmospheric pressure was much larger than in the other two cases. 
This particularly high value of the ionization at atmospheric pressure 
appears to have been characteristic of the aluminum lining inasmuch as it 
was observed with each of the three spheres (see Fig. 4). The curvature 
of the curve for aluminum, however, corresponds very closely with that 
of the curve for the copper lining for pressures below 600 lbs. per sq. in. 
and is more persistent than in the latter curve at greater pressures. 
The result, therefore, is that the aluminum curve has a smaller final 
least slope than do the other two curves for oxygen in the 12 in. sphere, 
and the final absolute value of the ionization is larger than with the 
copper lining. 

As is shown by Fig. 4, the curves obtained with each sphere lined 
with aluminum are very regular and correspond closely. It might be 
concluded, therefore, that the aluminum gave rise to a rather bounteous 
supply of comparatively easily absorbable radiation. This suggests 

® A. Wood, Phil. Mag. 9, 550 (1905); 

N. R. Campbell, Phil. Mag. 11, 206 (1906); 
N. R. Campbell, Camb. Phil. Soc. Proc. 13, 282 (1906); 


J. C. McLennan, Phil. Mag. 14, 760 (1907); 
J. C. McLennan, Phys. Rev. 26, 526 (1908). 
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an explanation in terms of the considerable secondary cathode radia- 
tion excited by gamma radiation in substances of light atomic weight.!° 
The chief effect of the copper lining appears to have been the reduction 
of the absolute value of the ionization at high pressures. It should be 
noted that radiations from the iron which could have penetrated 1/16 
in. of aluminum or copper would have affected the ionization occurring 
with these two linings. 


VARIATION WITH TIME 


The variation with time of the natural ionization in the atmosphere 
is of interest in connection with problems concerned with the atmos- 
pheric potential gradient, the emanation content, the magnetic in- 
tensity, etc. Wood and Campbell,'’ McKeon,” Strong,!® Wright,“ 
Gockel,!® Simpson,!® Wulf,!” Downey,'® and others have investigated 
more or less exhaustively the variation with time of the natural 
ionization in air at atmospheric pressure. No general agreement ap- 
pears to have resulted as to whether the diurnal variation is singly 
or doubly periodic or whether it exists at all. 

In the present investigation of the variation at atmospheric pressure 
there was, as is designated by the dotted curves in Fig. 6, a decided 
similarity between fluctuations during the first two 24-hr. periods. 
The large general variations partook of a single periodicity with maxima 
in the early afternoon and minima in the early morning. The weather 
was turbulent or stormy during these periods. During the third period, 
when the sky was comparatively clear, the above periodicity did not 
appear. In view of previous work it is concluded that the present 
work, extending over a period of only 72 hrs., contributes very little 
toward the solution of the daily variation problem. 

From the summary in Table II, it is seen that the average devia- 
tion from the mean at atmospheric pressure was of the order of 
1 ion/cc sec., or about 5 percent of the mean, whereas the largest 
variations were of the order of 2 ions/cc sec., or about 20 percent of 
the mean. Smaller fluctuations were observed by Swann!’ in the same 
Jaboratory at about the same time. 

10 W. H. Bragg and J. P. V. Madsen, Phil. Mag. 15, 663 (1908). 

11 A, Wood and N. R. Campbell, Phil. Mag. 13, 265 (1907). 

122T. F. McKeon, Phys. Rev. 25, 399 (1907). 

13 W. W. Strong, Phys. Zeits. 9, 117 (1908). 

4 C, S. Wright, Phil. Mag. 17, 295 (1909). 

16 A. Gockel, Phys. Zeits. 10, 845 (1909). 

16 G. C. Simpson and C. S. Wright, Roy. Soc. Proc. A85, 175 (1911). 

17 Benndorf, Dorno, Hess, v. Schweidler, Wulf, Phys. Zeits. 14, 1141 (1913). 


18K. M. Downey, Phys. Rev. 16, 420 (1920). 
19 W. F. G. Swann, Jour. Franklin Inst. Oct. (1925). 
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Curve I of Fig. 6 shows that with oxygen at a pressure of 800 lbs. 
per sq. in. there was no periodicity corresponding to that at atmos- 
pheric pressure. The magnitude of the average deviation from the mean 
was about twice that in air at atmospheric pressure, and the magni- 


TABLE I] 


Variations over 24-hr periods of the 
natural ionization at constant pressure. 


Press. No. of Mean no. of Ave. dev. Max. dev. 
Readings ions/cc sec. from mean from mean 
800 Ibs./in.? 67 118.82 12163 ; 
Atmos. 71 10.58 0.600 Ae he: 
Atmos. 66 tle LSA 0.695 2.02 
‘Atmos. 72 10.71 0.427 1.24 
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Fic. 6. Variation during 24-hr periods of the natural ionization in 
air at atmospheric pressure and at 800 lb./sq. in. 


tude of the maximum deviation was rather more than twice the largest 
deviation at atmospheric pressure. The average deviation from the 
mean at a pressure of 800 lbs. per sq. in. was only about 1 percent 
and the maximum deviation about 5 percent of the mean. The larger 
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absolute values but the smaller fractional values of the variations 
occurring at the higher pressure may be explained in terms of fluctua- 
tions of soft radiations supposed to contribute to the total ionization. 


INFLUENCE OF CHEMICAL ACTION 


It has sometimes been suspected that chemical action might account 
for a part of the natural ionization in gases. With this possibility in 
mind, observations of the natural ionization occurring in air contained 
at atmospheric pressure in the 12 in. sphere were made before and after 
the admission of small quantities of hydrogen which would be expected 
to combine to a slight extent with the oxygen in the air. Also, observa- 
tions of the natural ionization occurring within the 12 in. sphere in 
which had been placed pieces of silver foil and which had been filled 
with oxygen to atmospheric pressure were made before and after the 
admission of small quantities of hydrogen sulphide and also other quanti- 
ties of silver. 

In common with previous results,?° those of the present investigation 
were negative so far as the detection of the dependence of the natural 
ionization in gases at atmospheric pressure upon slow chemical action is 
concerned. In certain cases there appeared to be slight increases in ioni- 
zation at times coincident with increased chemical action. When the 
ionization values.were plotted against the time, however, it was seen 
that there was practically no justification for the conclusion that the 
natural ionization was affected by the slow chemical action which 
resulted upon the admission of the different materials. That chemical 
action did occur upon admission of the hydrogen sulphide was evidenced 
by the tarnished condition of the silver and the brass parts of the ap- 
paratus subsequently observed. | 

In conclusion, the writer wishes to express his appreciation of the 
very general cooperation of the Physics faculty at Yale University 
where the experimental work was completed, and of the particularly 
kindly interest of Professor John Zeleny. Thanks are extended to 
Mr. C. J. Pietenpol who assisted in taking some of the readings, and 
to Professor W. B. Pietenpol for reading this paper. Finally, the writer 
desires to acknowledge his especial indebtedness to Professor W. F. G. 
Swann who suggested this research and who offered many helpful 
suggestions during the progress of the work. 


HALE PHYSICAL LABORATORY, 
UNIVERSITY OF COLORADO, 
January 16, 1926. 
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TRANSITION PROBABILITIES: THEIR RELATION TO 
THERMIONIC EMISSION AND THE 
PHOTO-ELECTRIC EFFECT 


By ERNEsT O. LAWRENCE* 


ABSTRACT 


Assuming (a) Wien’s formula for black body radiation, (b) that electrons 
ejected thermally from a hot body have the experimentally known Maxwell 
distribution of velocities, and (c) that photo-electric emission from a solid 
surface is independent of the temperature of the solid, a theory is developed 
which leads directly to Richardson’s thermionic current equation without 
importing into the argument circumstances not realized in experiment or 
assumptions and approximations that can be questioned. Detailed considera- 
tion of the mechanism of emission and absorption along the lines of Einstein’s 
derivation of Planck’s radiation formula leads to the same expression for the 
ratio of absorption to emission B,/g, obtained in other theories based on appli- 
cation of the principle of detailed balancing of processes occurring in systems 
in equilibrium. It is thus shown that observed photo-electric and thermionic 
phenomena from solid surfaces may be regarded as experimental confirmations 
of expressions B,/q, deduced in such theories. 


MONG the theories developed to account for thermionic phe- 
nomena are those which regard the emission of electrons from hot 

bodies as a photo-electric effect connected with the associated tem- 
perature radiation.! This view of the matter is in formal harmony with 
the ideas underlying Einstein’s derivation of Planck’s formula. In- 
asmuch as these theories, for example, Richardson’s theory of the 
so-called ‘‘complete photo-electric emission,” lead to an expression 
for the relative efficiencies of light of various frequencies in ejecting 
electrons from a metal surface, they are intimately related to more 
recent theories designed to evaluate transition probability coefficients, 
notably those of Kramers,? Milne® and Becker’. Richardson’s theory 
was developed by statistical and thermodynamical considerations of 
a system of free electrons in equilibrium with an adjacent hot body 
and necessitated assumptions and approximations which were open to 
question, as indeed, the author of the theory indicated. In the present 
paper an attempt is made to deduce from experimentally recognized 
assumptions the probability of photo-electric emission from a solid 

* National Research Fellow. 

1 Richardson, ‘‘Emission of Electricity from Hot Bodies,’ p. 110. 

? Kramers, Phil. Mag. 46, 836 (1923). 


3 Milne, Phil. Mag. 47, 209 (1924). 
‘ Becker, Zeits f. Physik 18, 325 (1923). 
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surface as a function of the frequency of the light. The probability, 
so calculated, is then applied to a new derivation of the ratio of the 
probabilities of absorption and emission B,/q, a ratio which has been 
obtained in the theories mentioned above by application of a principle 
of detailed balancing to a system in equilibrium. : 

It is our purpose to avoid the necessity of invoking circumstances 
not realized or assumptions that are not directly verified experimentally 
and we shall start with two universal properties of matter now well 
established. First, we have the spectral energy distribution J, of the 
radiation associated with the temperature T as represented by Wien’s 
expression for high frequencies, 

be Rr hpiCnen es (1) 
and secondly the distribution of velocities of the electrons emitted 
thermally from.a body at temperature Jay eee, 

no NCE ete | dw (2) 
where 1, is the number emitted per second with speeds in the range 
w, wtdw. It is to be noted that N(T) is a function of T only and 
w comes in as a factor raised to the third power instead of squared 
because the number emitted per second is proportional to the velocity 
and the Maxwellian distribution. The fact that these two properties 
are common to all kinds of matter suggests a close relationship and 
we shall adopt the plausible hypothesis that the electrons are ejected 
photo-electrically by the temperature radiation. This hypothesis 
is in strict harmony with the viewpoints of the more recent theories 
mentioned above. Now the number of electrons 1, ejected by radiation 
of frequencies between v and v+dy will be proportional to the intensity 
I,dv and the probability f(v) of unit intensity ejecting an electron, that 
is, 


N,=f(v)L,dv (3) 


This relation may be simply regarded as defining f(v). Further, it is 
well known that the velocity of the photo-electrons w produced by 
radiation of frequency v is given by, 


£mw*=h(v— v0) (4) 
where vy is the smallest frequency able to eject photo-electrons from 


the surface—the threshold frequency. 


On the basis of our hypothesis it follows from (2) and (4) that the 
number emitted per second by frequencies v, v+dy is 


ny=2N(T)(h/m)2(v— vole d(v— vo) (5) 


—h(v—vy)/kT 
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In view of (1) on equating (3) and (5) we have 
3 
AN) AP kT (v— v9) 
f= N(T)e *: (6) 
Anm? y 


Experiments have demonstrated that photo-electric effects are in- 
dependent of the temperature of the radiated body so that this prob- 
ability function is independent of the temperature. Because of the 
presence of the factor e#™/kT in the expression we deduce as a conse- 
quence thereof that 


—h vo/ kT 


N(T) =ae (7) 


where a is a constant. 

Thus we conclude that the magnitude of the photo-electric emission 
from a solid surface when illuminated by unit intensity of frequency 
y is 


ahc® = (y—v9) 


4am? ps 


ACD 


That this is the correct law of variation of the photo-electric effect 
from solid surfaces has been verified in several instances. Richardson 
obtained a similar expression and the experiments of K. T. Compton 
and Richardson® were the first to show that, as the formula predicts, 
light of frequency 3/2 of the threshold value is the most efficient in 
the production of a photo-electric effect. Later Souder® obtained con- 
firmative data of possibly greater precision. Finally should be men- 
tioned the experiments of Wilson’ who observed the variation of the 
photo-electric effect from a sodium surface when illuminated by radia- 
tion from a black body at various temperatures. As will be seen below, 
this probability function implies that the photo-electric currents thus 
observed should vary with the temperature of the black body according 
to Richardson’s thermionic equation. Wilson’s experiments confirmed 
this implication. 

The total thermionic current 7 may be deduced readily as a function 
of the temperature and threshold frequency, for clearly it is, 


i= f Nw~e dw 


0 


6. T. Compton and O. W. Richardson, Phil. Mag. 26, 549 (1913). 
® Souder, Phys. Rev. 8, 310 (1916). 
7 Wilson, Proc. Roy. Soc. A93, 359 (1917). 
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From (2) and (7) we have, therefore, 


co 
P —hvo [kT 4 —7mw2/ 2kT 
1= eae we dw 


0 


HATS +, ibd sh 
which is Richardson’s thermionic equation. Thus we have correlated 
the facts of thermionics and the photo-electric effect without invoking 
a system in thermodynamic equilibrium and, except for the hypothesis 
that thermionic emission is a pho o-electric effect, our assumptions 
are experimental facts. 

Now Milne obtains from thermovdnamical considerations and the 
principle of detailed balancing* the ratio B,/q, for optical frequencies, 
where B, is the probability that an electron in the normal energy 
level will be raised to a higher energy state when in the presence of 
unit light intensity of frequency v and q, is the effective collision-capture 
area of an atom capable of capturing an electron in the higher state, 
thereby reducing it to its normal condition. 

The significance of the probability function f(v) as defined above is 
quite distinct from that of the transition probability coefficient B, 
of Milne’s theory for, clearly, f(v) is proportional to the probability 
that an electron will be raised from a given stationary state to one of. 
higher energy and, before recombining, escape from the surface. How- 
ever, having ascertained f(y) we are able to deduce the ratio B,/q. 
The following analysis makes this clear. 

Consider an annular volume element dr of a metal relative to an 
element dA of its surface, i. e., : 


dr=2rr? sin 0 dé dr 


where r is the distance of any portion of dr from dA. The number of 
electrons raised from the normal state to a free state of higher energy 
per unit time in dr by absorption of light of frequency v, y-+dv and 
intensity JI,dv is, according to Milne’s theory, 


N drB,I,dv 


where NV is the number of electrons in the normal configuration per 
unit volume. Of this number there will be a portion dAcos6/4ar 
which have velocities such as to cause them to pass through the ele- 


*It may be remarked parenthetically that the principle of detailed balancing is 
simply that in a system in equilibrium the number of elementary processes occurring 
in a forward direction in unit time is equal to the number in the reverse direction. 
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ment of surface dA if they are not absorbed in their passage thereto. 
But we further recognize that of the number in the higher state there 
will always be a certain portion dn that will be absorbed again in time 
GEOTNE,, 

—dn=A,n dt 


where —dn is the number absorbed of a group m in time dt. Thus 
integrating we have, 


—A,t 
nN = Noe 


where is the number unabsorbed after a time ¢ of a group mp» existing 
at +=0. Clearly the time taken for an electron to pass from the annu- 
lar volume element dz to the surface element is 


t=r/w 


In view of these considerations we have that the total number reaching 
dA per unit time which have been raised from the normal state to the 
higher energy value by radiation of frequency v,v+dy is 


1 a2 e —A ,r/w 
1,dA =SNaAB,tdy f dé if dr sin 6 cos #e 
6 


which reduces to 


1 w 
1,=— NI,dv—-B, (8) 
2 A 


v 


Now we-have shown that the magnitude of the emission from a sur- 
face by light of frequency v, v+dy and intensity J,dy is 


V— Vo 


I,dvX constant (9) 


t= 
p? 


From (8) and (9) therefore we have that 
W R= Vo 


eee et 


3 
y V 


constant 


which may be written in the form 


Be y—V9 


‘ xX constant 
dy Vv 


where 


v 


qv= xX constant 


Ww 
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is the effective ‘‘collision-capture area’ of an atom relative to a p- 
electron. 

Thus by a procedure quite distinct from the method of detailed 
balancing of the processes occurring in a system in complete equilib- 
rium we have obtained the ratio of absorption to emission, B,/q». 

In this connection it should be emphasized that the probability of 
absorption A, and the effective collision area g, do not refer to a process 
involving the return of the electron to the normal state in the atom 
but to any state that prevents its escape from ‘the surface. In Milne’s 
theory the effective collision area concerns the capture of an electron 
wherein it is returned to the same stationary state from which it was 
ejected by the light of frequency v. The similarity of the present 
expression B,/g, with the analagous ratios in theories based on the 
principle of detailed balancing suggests that the probability of capture 
and return to a state other than the normal one is the same function 
of the frequency as, or negligible in comparison to, the probability of 
return to the normal state. Of course we have implicitly regarded 
elastic impacts of the electrons with atoms as of no importance in the 
calculations. 

Having obtained the ratio of the probabilities of absorption B, and 


emission g, various attempts have been made to evaluate the absorption 


probability B, by determining the nature of the emission q, with the 
ultimate end in view of a comparison with experiment. In the optical 
region the outstanding experiments on such absorption probabilities 
are the very interesting experiments of Foote, Mohler and Chenault® 
on the photo ionization of caesium vapor and also there is Lawrence’s® 
observation of the variation with the frequency of the photo-electric 
effect in rapidly distilling potassium vapor. The absorption in caesium 
vapor was observed to decrease rapidly from the series limit to higher 
frequencies in a manner not in accord with any theoretically deter- 
mined B,, while the experiments with the jet of potassium vapor 
revealed that the absorption increased from a threshold value vo to 
higher frequencies over the range investigated according to the law* 
| (v=)? 


pA) oo ? —X constant 
V 


8 Mohler, Foote and Chenault, Phys. Rev. 27, 37 (1926). 
9 Lawrence, Phil. Mag. 50, 345 (1925). 
* This law was deduced from the data of Fig. 3 (above reference) assuming that the 


potassium photo-cell used to measure relative light intensities was selective according 
to the function f(v) deduced in the present paper. 
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a variation with frequency also in disaccord with all theoretically 
evaluated expressions for B,. Now, therefore, it is interesting to point 
out that, on the basis of the deductions herein given, thermionic and 
photo-electric phenomena observed from solid surfaces may be regarded 
as experimental confirmations of the ratio B,/q, evaluated in statistical 
equilibrium theortes. 

It is an especial pleasure to acknowledge my indebtedness to Pro- 
fessor W. F. G. Swann and Professor Leigh Page. 


SLOANE LABORATORY, 
YALE UNIVERSITY, 
February 17, 1926. 
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THE ABSORTION SPECTRA OF TELLURIUM, BISMUTH, 
CHROMIUM AND COPPER VAPORS IN THE 
VISIBLE AND ULTRAVIOLET 


By R. V. ZUMSTEIN 


ABSTRACT 


Using a hot carbon tube at about 1600°C as the absorption cell, the spectra 
of these elements have been studied in absorption from 6000 to 2000A. The 
vapor of tellurium was dissociated into atoms by a simple device and 4 absorp- 
tion lines were found. Two new arc lines were measured. The same arrange- 
ment gave 8 bismuth absorption lines, 4 being new. These are exactly the 
lines to be expected from the work of Ruark, Foote, Mohler and Chenault, 
Four new arc lines were measured in the spectrum of a 75 ampere arc. Chro- 
mium was placed directly in the carbon tube and 3 triplets were absorbed. 
Nineteen copper lines were absorbed, 10 being from the normal state in agree- 
ment with Shenstone and McLennan and McLay and 9 new ones from ex- 
cited states. 


HE absorption spectrum of tellurium vapor was investigated by 

Evans! at various pressures and temperatures. He found that if a 
small quantity of tellurium was gradually heated in an enclosed 
quartz tube, the vapor was opaque Or showed absorption bands. As 
the vapor was heated, it became more transparent and the bands 
disappeared. At a temperature of about 1000°C and a sufficiently 
low pressure, the vapor was perfectly transparent from the visible 
to 2500A. His interpretation was that at low temperatures and high 
vapor pressures the molecules of tellurium vapor are composed of 
several atoms and that at high temperatures these molecules dissociate 
into atoms if the pressure is low so that there is slight chance of re- 
combination. 

Guided by Evans’ experiments, I have modified the method used 
for manganese.? The tellurium was not placed directly in the carbon 
tube but in a small iron tube as shown in Fig. 1. C is the carbon tube 
heated by the torch JT. The hottest part of the tube was at about 
1600°C and the coldest at 800°C. Te is the tellurium in the small iron 
tube at about 500°C. Through a second tube N, a gentle stream of 
nitrogen flowed to displace the atmospheric oxygen from the tube. 
By this method four absorption lines were observed corresponding 


1 Evans, Astrophys. J. 36, 228 (1912). 
2 Zumstein, Phys. Rev. 26, 765 (1925). 
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to the arc lines 2385.793, 2383.268, 2259.02 and 2142.94. The first 
pair were sharp absorption lines but the last two were quite broad. 

The tellurium arc for comparison was obtained by placing tellurium 
in the lower carbon of a 50 ampere arc. The spectrum so obtained was 
‘similar to that described by Uhler and Patterson.* To their list of 15 
arc lines I would add a strong pair of reversed lines at 2001.87 and 
1994.07. Their lines 2208.58, 2160.1 were observed as diffuse reversals 
and 2147.33, 2081.8 as sharp reversals. I have not been able to make 
any analysis of the tellurium arc spectrum beyond a guess that the 
lowest lying levels are rather widely separated » levels which would 
combine with s and d levels to give the sharp and diffuse lines observed 
in the arc spectrum. McLennan, Smith and Peters* have recently 
observed a group of tellurium arc lines in the near infrared. 


: N || 
i ve 
CG 


rr 
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Bismuth. Since some of the bismuth absorption lines appeared while 
studying the absorption spectrum of tellurium vapor, it seemed worth 
while to repeat the experiments with pure bismuth using the arrange- 
ment of Fig. 1. The 8 absorption lines observed are given in Table I. 
The first four of these lines were observed in absorption by Ruark, 
Mohler, Foote and Chenault.5 They state that a band absorption 
extended from 2205A to the shorter wave-lengths. It may be that 
these bands were due to bismuth molecules which were dissociated in 
the present experiments. All of the absorptions are from the state 

3 Uhler and Patterson, Am. Journal of Science 186, 135 (1913). 


4 McLennan, Smith and Peters, Trans. Roy. Soc. Canada, III, 39 (1925). 
’ Ruark, Mohler, Foote and Chenault, B. S. Sci. Papers, 19, 484 (1924). 
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called 3d. by Ruark, etc., and afford very good support of the ang be 
of the bismuth arc spectrum which they give. 

A bismuth arc of 70 amperes gives an intense continuous spectrum 
extending from the visible to 1900A with the bismuth arc lines reversed. 
I have compared this arc with that given by Ruark, ete. between 2075 
and 2000A. Their lines 2020.5, 2068.99 and 2073.2 were not observed 
and are perhaps not arc lines. Four new lines were found namely: 
2064.4 (2R), 2057.4 (2R), 2041.8 (2R) and 2041.6 (2R). The difference 
in frequency of 2041.8 (48960) and 2582.1 (38718) equals 3djPo3 Dak 
Also the frequency difference of 2041.6 (48964) and 2224.2 (44946) 


TABLE I 


Bismuth absorption spectrum 


A(I.A.) Intensity Series 
‘70 amp. Absorption notation 
are F 

3067. 432 10R 10 3d2.—a@ 
2276 .578 OR 5 3d.—56 
2230 .626 10R 10 3d.—e 
2228 .240 8R 9 3d2—¢ 
OVA ES Ee 3R 2 3d2—7 
210204 8R 6 3d.—0 
2061R7S— 10R 9 3de—t 
2020 .99* 3R 2 3d2—k 


_—_— ee ees ss ee 


* New absorption lines 


equals 3d;°—3D,. This enables us to classify these four bismuth 
lines and to evaluate two terms 2490 and 2486 which resemble several 
other bismuth terms in being a close pair. A classification of the 
bismuth arc spectrum has also been given by Kopferman® who indicates 
that 2582.1 comes from 3d;2 which cannot be correct as it is not reversed 
and also from 3D: which is possible. 

Chromium. The absorption spectra of chromium and copper vapors 
were investigated by placing a piece of the metal in the carbon tube 
and heating it directly to about 1600°C. The method was the same 
as that used for manganese.2. Three chromium triplets were observed 
in absorption as shown in Table II. The first two triplets had been 
previously observed in absorption by Grotrian and Gieseler’? and by 
McLennan and McLay.® In fact these nine lines and many others were 
obtained in the chromium absorption spectrum by King®. In King’s 
experiments, the vapor was at only one temperature, 2600°C. He 

6 H. Kopfermann, Zeits. f. Physik 21, 322 (1924). 

? W. Grotrian and H. Gieseler, Zeits. f. Physik 22, 245 (1924). 


§ McLennan and McLay, Trans. Roy. Sco. Canada, III, 89 (1925). 
® A. S. King, Astrophys. J. 60, 291 (1924). 
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obtained absorptions from the normal state and from some of the 
excited states. It is not therefore obvious from his results that the 
triplet 2366, 2365, 2364 are transitions to the normal state which does 
follow from the present experiments. The threefold 7p term defined 
by this triplet should combine with the 5’s term (see Gieseler’s article 
on the arc spectrum of chromium!®) to give a triplet in the infrared of 
wave-lengths 18716, 18661, 18585A. Randall and Barker!" found a 
chromium triplet at 18717.0 (I=20), 18654.2 (30), 18583.5 (30). The 
agreement appears to be satisfactory. 


TABLE II 


Chromium absorption spectrum 


A(I.A.) v Series — 
4289 .726 23304 .98 475—4 7p 
74.802 386.34 
54.341 498.81 
3605 .330 27728 .83 47s5—47p 
593 .483 820.24 
78.688 O35 225 
2366.85 A257 50 47s—5'p 
65.96 53,3 
64.74 il 


Copper. It seemed desirable to repeat my former experiments on 
the absorption of copper vapor,” using the large Hilger spectroscope, 
size E,, which is now available. Shenstone, McLennan and McLay,°* 
and Stticklen™ have recently studied this problem. Shenstone gives 
evidence for a pair of metastable states (one is the X term introduced 
by Randall) which are not far removed from the normal state (Av= 
13245.4 and 11202.5). 

With the copper vapor at about 1200°C, I obtain a series of absorp- 
tion lines which appear to come from copper atoms in the normal state. 
When the temperature is increased to 1600°C, most of these lines 
increase in width and a group of faint absorption lines appear which I 
think are due to copper atoms in excited states. These two groups are 
given in Table III. 

All of the absorption lines from the normal state were obtained by 
Shenstone and by McLennan and McLay. The three lines 2492, 2441 


10 H. Gieseler, Zeits. f. Physik 22, 243 (1924). 

11 Randall and Barker, Astrophys. J. 49, 58 (1919). 
2 Zumstein, Phys. Rev. 25, 523 (1925). 

13 Shenstone, Phil. Mag. 49, 952 (1925). 

M4 Stiicklen, Zeits. f. Physik 33, 562 (1925). 

% Randall, Astrophvs. J. 34, 1 (1911). 
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and 2244 were narrow absorption lines at the highest temperature. 
The remainder from the normal state widen out with increase of tem- 
perature. All of the absorption lines from the metastable states were 
sharp. The narrow pair, 2199.73 and 2199.57 were observed as two 
reversals in the arc as noted by Shenstone and Stiicklen. They were 
absorbed as two narrow absorption lines by the vapor. At high tem- 
peratures a group of absorption bands appeared from 2275 to 2228A 
as found by Stiicklen in the copper spark under water. Because of 
these bands, one cannot be certain if there was faint absorption at 
some of the arc lines in this region. By changing the inductance and 


TABLE III 
Copper absorption spectrum 


Wave-lengths from Wave-lengths from 


normal state excited state 
3273 .976 5105.551* 

3247 .550 2392 .629* very faint 
2492 .142 sharp 2293 .832* 

2441 .625 sharp 2230 .071* 

2244 .240 sharp 2227.74* 

2225 .665 2215 .65* very faint 
2181.68 2214.56* 

2179.91 2199 .73* 

2165 .06 2199 .57* 

2024 .3 


* New absorption lines 


capacity of the circuit of the under water spark, Stiicklen obtained a 
group of copper arc lines which were considered to come from the normal 
state. The grouping so obtained is considerably different from that 
afforded by the more direct method of heating the vapor in a tube 
with a torch. 

The present experiments show very clearly that the copper atom 
has one or more metastable states which differ in frequency from the 
normal state by about 10,000 cm—!. They do not show the exact value 
of this difference. In the copper arc spectrum, there are pairs in the 
visible and near ultraviolet having the frequency difference of 248.4, 
which is that of the two lines 3274 and 3247. If any of these pairs 
should show the faint absorption corresponding to the metastable 
states, then we can evaluate with certainty the terms which correspond 
to the metastable states. According to Shenstone’s work, we should 
expect that the green line 5105 would be absorbed and at slightly 
higher temperature the yellow pair 5782. and 5700. I have frequently 
studied the copper absorption in the visible but always with negative 
results. Recently we have received from A. Hilger and Co. a glass 
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prism and lens to fit their Z,; quartz spectrograph. Having available 
therefore a dispersion of 12A per mm at 5700 A,I have returned to the 
problem and find that in the visible spectrum only the green line 5105 
is faintly absorbed at the highest temperatures. The fact that the 
yellow pair was not absorbed is not an argument against Shenstone’s 
work because the absorption of the green line 5105 was only observed 
on a small fraction of the plates taken. To obtain the yellow pair in 
absorption would require a still higher temperature. 


NATIONAL RESEARCH FELLOWSHIP, 
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THE QUANTUM THEORY OF THE DIELECTRIC CONSTANT 
OF HYDROGEN CHLORIDE AND SIMILAR GASES 


By Linus PAULING* 


ABSTRACT 


The quantum theory of diatomic dipoles.—Using the treatment of Pauli, 
an expression for the dielectric’ constant of a diatomic dipole gas is obtained, 
in which half-quantum numbers are used. It is shown that for cases of practical 
interest the approximation suggested by Pauli is not valid; hence numerical 
values of the temperature-function C have been calculated and tabulated. 

Application to experimental measurements.—The theory has been applied 
in the interpretation of Zahn’s measurements of the dielectric constants of the 
hydrogen halides. The electric moments of molecules of hydrogen chloride, 
bromide, and iodide were found to be 0.3316, 0.252, and 0.146X107* cgsu 
respectively; i.e., only about one-third of the values given on the basis of the 
classical theory. Moreover, the values 0.00077 and 0.00102 for 4rNoa for hy- 
drogen chloride and bromide, in which a is the coefficient of induced polariza- 
tion, are shown to be in better agreement with measurements of indices of 
refraction than are the classical theory values. A discussion is given of possible 
inaccuracies in the theory, of the choice of quantum numbers, and of the 
possibility of weak quantization. 


LNTRODUCTION 


NDER the influence of an electric field a gas whose molecules have 

a permanent electric moment and in addition can have a further 

moment induced in them by deformation becomes polarized in the 

direction of the field, the amount of polarization per unit volume being" 
3 e-—1 


Bas a APS Nu cose) wee RIT 


in which ¢ is the dielectric constant of the gas, F the strength of the 
applied field, NV the number of molecules in unit volume, yw the per- 
manent electric moment of a molecule, and a the coefficient of induced 


polarization of a molecule. cos@ is the average value of cos @ for all 
molecules in the gas, and cos is the time-average of cos# for one mole- 
cule in a given state of motion, 9 being the angle between the axis of 
the electric dipole and the lines of force of the applied field. 


An expression for cos§ applicable to polyatomic molecules in general 
was obtained by Debye? with the use of classical statistical mechanics. 


* National Research Fellow in Chemistry. 


1 See, for example, Debye in Marx ‘‘Handbuch der Radiologie,”’ Leipzig Akademische 
Verlagsgesellschaft, 6, 619 (1925). 
2 P, Debye, Phys. Zeits. 13, 97 (1912). 
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From the Maxwell-Boltzmann distribution law the probability that 
the axis of the electric dipole in the molecule will lie between the angles 
6 and 6+d6@ with the lines of force is 


e#Fcos/kT cin @ dé 


Tr 
ff e#FcosS/kT sin @ dé 


0 


’ 


and the average value of cos@ is 


Tv 
ff e#Fcos6/kT cos @ sin 6 dé 


ie (le Se ee (2) 


Tv 
sh e#Fcos8/kT sin § dO 


0 


This expression becomes on integration the Langevin function, 


Ff f kT 
L(+) = coth oe saa . 
atk kT ur 
which reduces for values of uF small in comparison with kT to 


cos #=— —-., (3) 


This result must now, however, be replaced by one based upon the 
quantum theory. In this case a generally applicable expression cannot 
be obtained, and it is necessary to consider particular molecular models. 
The simplest of these, the diatomic molecule for which the axis of the 
electric dipole coincides with the line joining the nuclei of the two atoms, 
is believed to represent the hydrogen halides, for which data are avail- 
able to make possible the evaluation of their electric moments. 


THE QUANTUM THEORY OF THE DIATOMIC DIPOLE 


The dielectric constant of diatomic dipole gases has been treated 
on the basis of the quantum theory by W. Pauli, Jr.,? whose treatment 
forms the basis of the following discussion. 

The Hamiltonian function for the motion of a diatomic dipole in 
an electric field, using polar coordinates with the polar axis in the 
direction of the lines of force, is 


1 e 
=~ ( ppt P -) —pF cos 6 , (4) 


g sin? 6 


3 W. Pauli, Jr., Zeits. f. Physik 6, 319 (1921). 
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in which pp and pg are the momenta corresponding to the coordinates 
6 and ¢, and I is the moment of inertia of the rotator about an axis 
through its center of mass and normal to the lines joining the atomic 
nuclei. The coordinate ¢ is cyclic, and pg is accordingly constant. 
Applying the Wilson-Sommerfeld quantum conditions we write 


rs p,d8-+ | $ pe de] =m (5) 


rs be dip= Info = nk) (6) 


and 


in which m and n are the two quantum numbers describing the condi- 
tion of motion of the rotator. Introducing (6) and the relation pp =J@ 
in (4), there is obtained the differential equation 


2nI dé 
dt = ——_————_—______———_- 


nh? 
8x7] W ————+ 8r7I uF cos 0 (7) 
sin? @ 


in which W is the energy-constant. The time-average value of cos@ 
for a rotator in a given state of motion is, then, 


2),2 


( 80? W —-——-+ 8271 uF cos6) 4cos 6 dé 
oie sin? 8 
cos §= . (8) 


nh? 
g 8r*IW — ae 8ir?I uF cosé)-+ dé 


sin 2 


If uF is very small in comparison with the total energy W these 
expressions may be expanded in powers of uF and terms higher than 
linear neglected; it is, moreover, permissible to substitute for W 
the value Wo=m?*h?/87°I corresponding to zero field. Upon evaluating 
the resultant integrals by contour integration there is obtained the 
expression 


mh? 


See Anr’uFI /3 2 1 
cos @= Be -(5 ~--) , (9) 


Pauli assigned tom values 1,2,3,----- o,and tom) 1, 2 
+m. We shall give m the values 1/2, 3/2,5/2,----- oo and ery ey 
+ 3/2, +5/2,----++ +m; for these half-quantum numbers for m are 
indicated by the infra-red oscillation-rotation absorption spectrum‘ 


‘ Colby, Astrophys. J. 58, 303 (1923). 
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of hydrogen chloride and definitely required by the recently observed 
pure rotation absorption spectrum. The choice of values for will be 
discussed later. Assigning equal a priori probabilities to all of the 
possible quantum states characterized by half-integral values of m 
and m we have for the probability of a given state 


e~ W/IkKT 


w(m ,n) = (10) 


oS orm ae 
De, De e—WIkT 
m='2 n=—™ 


Introducing the variable o =9/T =h?/87°IkT we obtain the following 


expression for cos@: 


es) 
————_ = ee ee (Ge Bs 

=_—_ a9 il m=/2 n=—m m? 2 m? 2 

cos 9 fee meen seonoe t OES Oe) ee ; (11) 


Pauli, who obtained a similar expression with whole quantum num- 
bers, evaluated the sums by assuming o to be very small. This is not 
justifiable, however, for it leads to results in error by 30 percent or 
more in cases of practical interest, for which o has values near 0.05. 


Replacing m by r—4 and n by s—% and summing for s one obtains 


— F 
cos aed (12) 
kT 
where 
—e-2(r—h)' 
t aE —4 3 
CL Us een ne (13) 


4o 


wy re-o(r—})" 

r=l 

For very large values of c;i. e., for very low temperatures, C is equal 
to 2/a. As g tends to zero C approaches asymptotically the value 


4.570, for > ep re Poine e~ *-)* approaches 2 ane which has the 


value 9.140, and e re") can be replaced by the eal 
r=1 

i A re-°"-)” dr, which is equal to 1/20. C has been determined for 

intermediate values of ¢ by numerical substitution, from five to twenty- 


* Czerny, Zeits, f. Physik 34,°227 (1925). 


5¥2 LINUS PAULING 


five terms being used in order that the final figure might be accurate 
to 0.05 percent. The results of the calculations are given in Table I. 


TABLE I 
o CG o C 
Very large 2/0 0.05 3.599 
1.00 1.578 04 3.690 
0.20 2.848 .03 3.796 
10. 3.264 .02 3.929 
.07 3..445 0.00 4.570 


CONSIDERATION OF EXPERIMENTAL RESULTS 
Substituting (12) in (1), we obtain 
3. e—Il s 


Lt 
aN gular 14 
pe at Pay ts, 35 (14) 


in which C is a function of the temperature. This property differentiates 
this result from those of Debye and Pauli, who obtained for C the 
constant values 1/3 and 1.5367 respectively. Since for gases e+2 is 
approximately 3, we may write 
we | 

(e—1)T=4rN pect A “ (15) 
The equations of Debye and Pauli require that a plot of (e—1)oT7, 
in which the subscript 0 indicates that the dielectric constant is that 
of the gas at constant density (that at standard conditions), against 
be a straight line; the calculations given in this paper, on the other 
hand, require the curve to deviate from a straight line, since C is found 
not to be a linear function of the temperature. Moreover, a and 47Na 
will have one value when obtained from measurements of € with the 
use of the equation of Debye or of Pauli, and a different value if our 
calculations are used. 

The only extensive measurements of the dielectric constants of 
diatomic dipole gases are those of Zahn* on hydrogen chloride, bromide, 
and iodide. Values of © for these gases are obtained in the inter- 
pretation of their infra-red spectra. Czerny® gives for hydrogen chloride 
the value 10.397 for hc/87?I, which leads to 0=14.9° for this gas. 
An equally accurate value for hydrogen bromide is not at hand, 
for its pure rotation spectrum has not been observed. Kratzer’ gives 
for I the value 3.258 10-49 g. cm?, from oscillation-rotation spectra, 
corresponding to 012.15°. Since Kratzer’s value J =2.594X 10-*°g.cm” 
for hydrogen chloride corresponds to 9 = 15.09°, which is slightly high, 


6 Zahn, Phys. Rev. 24, 400 (1924). 
7 Kratzer, Zeits. f. Physik 3, 289 (1920). 
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I have used for hydrogen bromide the value 0=12.0°. No spectral 
data for hydrogen iodide have been obtained; from a consideration 
of atomic sizes obtained from crystal structure data I have predicted 
the approximate figures [=4.29 X10~*° g. cm? and 0 =9.2° for this gas. 

There are, then, two constants, uw and a, to be evaluated from the 
experimental data for each gas. These were determined in such a way 
as to cause the theoretical curve to pass through two experimental 
points, one at about 300° and one at about 500°A. The curves shown 
in Fig. 1 are obtained by placing y=0.3316X10-'8cgsu and 47Nya = 
0.00077 for hydrogen chloride, and w=0.252X10-! and 47N,a= 
0.00102 for hydrogen bromide; WN here represents the number of mole- 
cules per cc for the gas at standard conditions. 
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Fig. 1. Variation of (e—1)T with T. 


The interpretation of the data for hydrogen iodide is made difficult 
by the dissociation of the gas into its elements. It is desirable to obtain 
some information regarding the electric moment of these molecules, how- 
ever, and so a different procedure has been followed. At the lowest 
temperature used, 244.5°A, Zahn obtained the value 0.5885 for (e—1) 07, 
a value which can be accepted as correct, for the dissociation of hydro- 
gen iodide is at that temperature only 1.3 percent. If the value 0.00160, 
obtained from optical data and discussed in the next section of this 
paper, be accepted as correct for 47N a, then the value Gi465¢10- 
cgsu for uw is required in order that the theoretical curve (shown in 
Fig. 1) might pass through this experimental point. 
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DISCUSSION OF RESULTS 


The electric moments of the hydrogen halides. The values found for 
the electric moment p of these gases are given in Table II, together 
with the classical theory values given by Zahn. It is to be noticed that 
the classical moments are not approximately equal to those obtained 
from the quantum theory, but are much larger—about three times as 
large. In these cases, then, considerations regarding, for example, 
molecular structure based on the classical values of the electric moments 
must be revised,® as has already been pointed out by Pauli? and by 
Ebert.® Indeed, it is probable that in the case of polyatomic mole- 
cules also the classical values of the electric moments may be consider- 


ably in error. 


TABLE II 
M 
Quantum Classical Quantum Classical 
HCl OF33 16> 10m 1.034 1078 0.0694 A. 0.217 A. 
HBr GAY: 0.788 .0528 .165 
HI .146 382 .0306 .080 


Under d in Table II is given the distance between an electron and a 
proton in order that the configuration might have the electric moment 
found for each of the hydrogen halides. 

Their coefficients of induced polarization. In Table III are given 
the values found for 44N oa for hydrogen chloride and bromide, and 
those given by Zahn with the use of the classical theory. The quantum 
theory values are confirmed by independent evidence; for they agree 
with Maxwell’s relation 4%N oa~=n,?—1, in which 7» is the index of 
refraction of the gas at standard conditions for light of frequency far 
from any frequency characteristic of the molecule. It is known that 
n determined with ordinary light is larger than mo; hence the observed 
values of ?—1 for the sodium D lines, given in Table III, cannot be 
reconciled with the considerably larger classical theory values of 
47 Noa, but support the quantum theory values. 


TABLE III 
4a Now n?—1 (sodium D lines) 
Quantum Classical 
HCl 0.00077 0.001040 0.000888 
HBr .00102 .001212 .001140 
HI (.00160) .001856 .001812 


It will be seen that the values found for 427.Noa for hydrogen chloride 
and bromide are in each case about 88 percent of those for n?—1 for 
8 See, for example, Smyth, Jour. Amer. Chem. Soc. 46, 2151 (1925); Phil. Mag. 47, 


530 (1924). 
* Ebert, Zeits. f. Phys. Chem. 114, 429 (1925). 
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the sodium D lines. For this reason it has seemed probable that 47N oa 
for hydrogen iodide can be taken to be 0.00160, which is 88 percent 
of n?—1 for this gas. 

The discrepancies between the theoretical curve and the experimental 
points. The experimentally found points for hydrogen chloride and 
bromide cannot be made to fall exactly on a curve of the type required 
by the quantum theory considerations of this paper. It is possible 
that experimental errors are responsible for this disagreement; further 
experiments are accordingly desired. On the other hand, the theoretical 
treatment has perhaps been over-simplified. The assumption that 
uF is much smaller than W is valid; thus for hydrogen chloride with 
fields of 10,000 volts/cm uF is less than 1107!” ergs, while W for the 
lowest quantum state (m=4) is over 50107" ergs. We have further 
assumed the molecule to have a definite electric moment yp, independent 
of its state of rotation. That this assumption also is valid has been 
shown in the following way. The force tending to restore the proton 
to its equilibrium position when it is pulled away from the chlorine 
nucleus can be determined from oscillation-rotation spectra.’ Equating 
this with the centrifugal force acting when the molecule is in rotation, 
it is possible to find the change in position of the nucleus on going from 
one state to another. The electric moment of hydrogen chloride is 
only about 6 percent of that which would be caused by a single negative 
charge located on the chlorine nucleus and a single positive charge on 
the proton; it seems reasonable then that an upper limit for the change 
in moment occurring on moving the proton in the molecule would be given 
by the product of the unit charge and the distance moved. On carrying 
out this calculation it is found that the possible changes in the electric 
moment are far too small to be of any influence on the dielectric con- 
stant. 

The small lack of agreement between experiment and theory ac- 
cordingly remains unexplained. 

The choice of quantum numbers. The pure rotation spectrum of hydro- 
gen chloride in the far infra-red definitely requires that m be given the 
pares 1/25 3/27°5/2) = + -* ©, 

Kratzer!® has advanced arguments supporting the contention fiat 
half quantum numbers are only apparent, and that in the quantiza- 
tion of the entire dynamical system the quantum numbers assume 
integral values. In the hydrogen halides he supposes to be present due 
to the motion of electrons an angular momentum vector perpendicular 
to the line joining the nuclei and of magnitude 34/27. In order for 


10 Kratzer, Ann. d. Physik, 71, 72 (1923). 
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the total angular momentum to be an integral multiple of h/2m the 
rotation of the molecule would have to contribute the amount mh/2r, 
with m having half-integral values. Kramers and Pauli" suggest that 
the electronic angular momentum vector has the magnitude h/27 
and makes.an angle of 30° with the line joining the nuclei, so that its 
component normal to this line is 44/27. It is evident that these 


theories would lead to expressions for cos@ differing from that used in 
this paper. It has not seemed worth while to evaluate these expressions; 
expecially in view of the fact that hydrogen chloride is diamagnetic, 
for if the presence of electronic angular momentum requires the pres- 
ence of a magnetic dipole the theories of Kratzer and Kramers and Pauli 
would require it to be paramagnetic. 

If it be assumed, then, that in some cases quantum numbers can 
have half-integral values, there are two possibilities for m, for it can be 
placed equal to 0, +1, +2,--- +(m-—4#), or to 41/2, 4372; 45/72; 

-+ +m. It is necessary to include x=0 in the first group, for with 
m=¥% this is the only integral value allowed. It can be shown unam- 
biguously that the values n=0, +1, +2, ---+(m-—4#) cannot be cor- 
rect. For with them the equation } 


> Pah acs) e—o(r—-})* 
C= — 47-9)" 
o 
Dd (2r—1)e-(r-2 


T=!) 


(23) 


is obtained in place of Eq. (13); this equation, however, leads to negative 
values of C for all values of o. Consequently Eq. (23) requires that — 
at all temperatures the hydrogen chloride gas possess a negative polari- 
zation due to permanent dipoles. The experimental measurements of 
the dielectric constants of the hydrogen halides accordingly rule out the 
quantum-number assignment. 
m=1/2, 3/2,.5/2,.- -- 0, n=Q, Elles og em e 

The remaining assignment, with m= 1/2, 3/2, +5/2,-:--, +m, 
has then been used in this paper. It is to be emphasized that this as- 
signment is not compatible with the idea that true quantum numbers 
are integral, and that half-quantum numbers result from the presence 
of an angular momentum vector due to the motion of electrons. 

Lhe possibility of weak quantization. The sharpness of the band 
spectra shows that the quantization with respect to the total quantum 
number m is strong ; this is to be expected, for the molecule goes through 


4 Kramers and Pauli, Zeits. f. Physik, 13, 351 (1923). 
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many rotations between collisions. On the other hand weak spatial 
quantization might occur. 

If all orientations were equally probable; i. e., if there were completely 
weak spatial quantization, the average value of cos@ for rotators with 
quantum number m would be given by Eq. (9) with 1?/m? replaced by 
the average value of cos?8,. which is 3; 6 is the angle between the axis 
of rotation of the molecule and the lines of force of the applied field. 
€0s@ would then be zero; in other words, there would be no polariza- 
tion due to permanent dipoles. This is in agreement with the result 
of Alexander,” who showed that on the classical theoryof allof the polariza- 
tion 1s caused by molecules whose total energy 1s less than uF. Since there 
are actually no such molecules present, polarization must arise from 
some other mechanism. This mechanism is spatial quantization. 

We have assumed strong spatial quantization in determining the 
values of uw; if this assumption is incorrect, the values given are too low. 
But if the spatial quantization had been weak the dielectric constant 
would have varied with the field strengths applied. Such a variation 
has never been reported; Zahn and Badeker, using different experi- 
mental methods and undoubtedly different field strengths, obtained 
the same values for e for hydrogen chloride. It accordingly seems highly 
probable that there is strong spatial quantization with respect to the 
applied electric field. 

A brief account of this work has been published in the Proceedings 
of the National Academy of Sciences. 
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THERMIONIC PHENOMENA CAUSED BY VAPORS 
OF RUBIDIUM AND POTASSIUM 


By Tuomas J. KiLLtAn* 


ABSTRACT 


Thermionic effects similar to those studied by Langmuir and Kingdon for 
caesium have been found for rubidium and potassium. Because of the difference 
in the electron affinity of tungsten (4.53 volts) and that of an atom of rubi- 
dium or potassium (4.16 and 4.32 volts respectively) positive ions are formed 
which at filament temperatures above 1000° are drawn to the cylindrical col- 
lector from the coaxial filament. Below this temperature the ions are adsorbed 
on the surface of the filament and decrease its work function raising the elec- 
tron emission. The degree of thermal ionization at various filament temperatures 
‘s found to be within the experimental error of that determined from Saha’s 
equation. At low temperatures the filament is partially covered by adsorbed 
‘ons and the electron emission increases exponentially with the reciprocal of the 
temperature. A transition region is reached as the average life of an atom on 
the surface becomes shorter and then the emission decreases logarithmically 
with the reciprocal of the temperature. The curves and values are given. The 
positive ion emission increases logarithmically with the reciprocal of the tem- 
perature until a certain fraction of the atoms striking the filament is ionized. 
Further increase in temperature causes every atom to be ionized. The coinci- 
dence of experimentally determined points with the theoretical space charge 
curve shows each ion to have the mass of a single atom in the range of pressures 
studied. 

Vapor pressure of rubidium and potassium.—The vapor pressure of rubi- 
dium and potassium is calculated from the maximum ion current; for rubidium 
log p=10.55—4132/T and for potassium log p=11.83—4964/T; here p is in 
bars. . 


HE thermionic effects caused by caesium vapor have previously 

been studied by Langmuir and Kingdon.’ This work was under- 
taken in order to compare the similar effects caused by the vapors 
of the other alkali metals. 

A tungsten filament heated above 1200°K in caesium vapor was 
found to convert every caesium atom striking it to a caesium 
ion. This is due to the fact that the electron affinity of tungsten 
(work function) is 4.53 volts while that of caesium (ionizing potential) 
is only 3.88 volts. It was shown that by decreasing the work function 
of the filament to 2.69 volts by allowing a monatomic layer of thorium 


* Graduate student of Co-operative Course in Electrical Engineering, Massachusetts ~ 
Institute of Technology. 

1], Langmuir and K. H. Kingdon, Science 57, 58 (1923). 

2K. H. Kingdon and I. Langmuir, Phys. Rev. 21, 380 (1923). 

3], Langmuir and K. H. Kingdon, Proc. Roy. Soc. A 107, 61 (1925). 
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atoms to accumulate on the surface,’ the positive ion emission became 
negligible. The positive ions formed at the pure tungsten surface 
must be drawn to it by an image force. Below 1200°K they evaporate 
so slowly that the surface becomes partially covered by adsorbed 
caesium ions. This however lowers the electron affinity of the surface 
and when about 20 percent is covered the electron affinity of the surface 
is less than that of the atoms of caesium and no more ions are formed. 
However this decrease in the electron affinity greatly increases the 
electron emission from the surface. At a pressure of caesium corre- 
sponding to 20°C they obtained 410° amps. per cm? at a filament 
temperature of 670°K. Since the ionizing potentials of rubidium and 
potassium are 4.16 volts and 4.32 volts respectively it was expected 
that vapors of these metals would produce similar effects. 


APPARATUS 


The tubes contained a pure tungsten filament of diameter 0.0051 cms 
mounted coaxially with a nickel cylinder of diameter 1.905 cms. In 
some tubes this collector was 2.54 cms long and in others 5.08 cms. 
This cylinder was between two other cylinders of the same diameter 
and of length 7.62 cms, the distance between them being from .08 cms 
to .16 cms. At each end of the filament a 6 mil tungsten spring took up 
the expansion due to heating. The tubes were exhausted by means of a 
condensation pump while being baked out at 360°C for 3 hours. The 
collectors were freed from gas by being heated to redness by means of 
induced high frequency currents. The filaments were flashed at a 
high temperature while the tubes were on the pump. 

The smaller plate currents were measured by means of a Leeds and 
Northrup testing galvanometer and the larger ones by means of a 
microammeter. A General Electric deflection potentiometer gave the 
filament current. With the tube as constructed the two outer cylinders 
act as guard cylinders and the temperature of the part of the filament 
in the center cylinder is not affected more than 0.1 percent at 750°K 
by cooling effect of the leads. The temperature scale used is that of 
Forsythe and Worthing.® 


THERMAL IONIZATION 
In the paper? referred to, the modified form of Saha’s equation was 
used to determine the degree of thermal ionization. The equilibrium 
constant is given by 
Kn =NNy| Na 


4]. Langmuir, Phys. Rev. 22, 357 (1923). 
5 W. E. Forsythe and A. G. Worthing, Astrophys. J. 61, 146 (1925). 
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where ., 2, and , are respectively the number of electrons, of positive 
ions and of atoms per unit volume. For any alkali metal 


11,600 V 


lope Kn SteGs “to T ist ee 
poe aerg 2.303 T 


where V is the ionizing potential and T the absolute temperature. 
This expression for K, has the dimensions of number per unit volume. 
Experimentally we have to do with currents and may define 


Kr1=Ielp/Ta 


Where J, and J, are respectively the electron and positive ion emission 
per unit area at any filament temperature and J, is the current density 
corresponding to the ionization of every atom hitting the filament. 
Then 


bem 26 
Ki=eKu/ 5 —~=2.48110-" K, ~/T amp. per cm? 
TMe 


Roce end ie 
logioK = 1.7792+2logsoT —20,932/T 


The equilibrium constants found experimentally at various filament 
temperatures were about one-half those calculated theoretically. 
That is with a filament temperature of 1302°K the equilibrium constant 
was found to correspond to a filament temperature of 1273°K. The 
logarithm of the emission was plotted against the square root of the 
voltage to correct for the Schottky’ effect. At any filament temperature 
the slopes were found to be the same for both ions and electrons and 
about double that calculated from Schottky’s formula. Thus it is 
seen that the results obtained for the equilibrium constant are probably 
within the experimental error furnishing further verification of Saha’s 
assumptions. | 


ELECTRON EMISSION 


As in the case of caesium at low temperatures a tungsten filament in 
rubidium or potassium vapor becomes covered with a layer of adsorbed 
atoms. As the temperature of the filament is increased the electron 
emission increases logarithmically with the reciprocal of the tempera- — 
ture. However as the filament temperature is further increased the 
current reaches a maximum and then decreases as the temperature is 
raised due to the evaporation of the atoms at the higher temperatures. 


6 W. Schottky, Phys. Zeits. 15, 872 (1914). 
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By flashing the filament in oxygen before introducing the alkali metal 
the filament becomes covered with a layer of oxygen atoms which is 
not evaporated off below 1600°K. This layer tends to hold the alkali 
metal on at higher temperatures and thus the emission at a given 
filament temperature is higher from an oxygen coated filament in 
the alkali metal vapor than from a pure tungsten filament. 
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Fig. 1. Electron emission in amperes per cm? from a tungsten filament in rubi- 
dium vapor at various pressures. Temperature of bulb in °C on each curve. 


Figs. 1 and 2 give the family of curves of the electron emission of 
filaments in the presence of rubidium and of potassium vapor. The 
ordinates are the common logarithms of J., the electron current in amp 
per cm?, and the abscissas are the reciprocals of the absolute temperature 
of the filament multiplied by 1000. The temperature of the bulb which 
fixed the vapor pressure is given in degrees Centigrade on each curve. 
Before each reading the filament was flashed at a high temperature to 
drive off any impurities. 

In the curves with the metal adsorbed on the pure tungsten surface 
we see that, as in the case of caesium, each curve consists of three 
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parts: (1) a low-temperature region where the logarithm of the emission 
is a straight line when plotted against the reciprocal of the temperature; 
(2) an intermediate region where the plot in Figs. 1 and 2 is curved; 
(3) a high temperature region where again the logarithm of the current 
is a linear function of the reciprocal of the temperature. The curves 
are very much alike and differ principally in being displaced ‘parallel 
to their envelope A B. These displacements are proportional to the 
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Fig. 2. Electron emission in amperes per cm? from a tungsten filament in 
potassium vapor at various pressures. Temperature of bulb in °C on each curve. — 
logarithms of the pressures of the vapor. Thus in regions (1) and (2) we 

may say that approximately 


ite = apre BIT 


From the curves in Figs. 1 and 2 we obtain the results shown in 
Table I for the constants a, 8 and y. 
I is in amp. per cm? and # in bars. 


POSITIVE ION EMISSION 


The positive ion emission at any vapor pressure increases exponen- 
tially with the reciprocal of the filament temperature until the emission 
is about 20 percent of the maximum when there is a definite discon- 
tinuity. Further increase in temperature causes every atom to be 
ionized. Thus, as in the case of caesium, there is the same evidence of 
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the existence of two surface phases on the filament, one in which only 
a fraction of the atoms is ionized and the other in which all of them 
are. There is a definite boundary between them and the rate at which 
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Fig. 3. Positive ion emission in amperes from a tungsten filament of area 0.0405 
cm? in rubidium vapor at various pressures. Collector voltage = — 200. 
Temperature of bulb in °C on each curve. 


TABLE | 
Values of the constants a,B,y of Eq. (A). 


Filament coating a B Y 


Rubidium on tungsten 


Region (1) 226010" 32,000 —1.12 

Region (3) 2.08X10-2% —24,000 +2.52 
Rubidium on adsorbed oxygen 

Region (1) 28 ,000 

Region (3) — 23,000 
Potassium on tungsten 

Region (1) ap 10" 30,800 —0.328 

Region (3) P2400 105? 4 ).—25 600,54, 4-266 
Potassium on adsorbed oxygen 

Region (1) 19,700 


Region (3) —23, ,000 
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it moves along the filament can be easily measured by observing the 
microammeters in series-with the three collectors. This velocity is 
found to depend upon the collector voltage and filament temperature. 
Langmuir and Kingdon’ have obtained for caesium curves similar to 
those in Figs. 3 and 4. k 

If every atom is converted into a single ion a measure of the maximum 
positive ion current would be an accurate way of determining the vapor 
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Fig. 4. Positive ion emission in amperes from a tungsten filament of area 0.081 cm? 
in potassium vapor at various pressures. Collector voltage = —200. 


Temperature of bulb in °C each on curve. 


pressure. The currents limited by space charge with long coaxial 


cylinders is given by® 


i=14.68X10-%\/m./m, V3!2/rB? 


here 7 is in amperes per cm length of filament, m. and m, the masses of 
an electron and positive ion respectively, V the potential of the col- 
lector below the filament in volts, 7 the radius of the collector and 6? a 


7 Langmuir and Kingdon, unpublished work. 
8 Langmuir, Phys. Rev. 2, 450 (1913). 
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function of the ratio of the diameters of the collector and filament. 
In this case B?=1.04. 

In Figs. 5 and 6 are plotted the theoretical ion currents limited by 
space charge assuming the mass of a positive ion to be that of a single 
atom. The points were experimentally determined and corrected for 
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Fig. 5. Rubidium positive ion current limited by space charge at various vapor pressures. 
Full line is theoretical curve J, =0.0985 V#/?. 
Temperature of bulb in °C on each curve. 


contact potential. They check very accurately. with the theoretical 
curve, showing that in the range of pressures studied the mass of the 
positive carrier is that of a single atom.? 


VAPOR PRESSURE 


From the kinetic theory we know that the maximum positive ion 


current 7, is eb/\/2mmkT abamperes per cm? where e is the charge on 


* Since this work was done H. E. Ives in Jour. Frank. Inst. 201, 62 (1926) claims this 
is not true at vapor pressures below those corresponding to a temperature of 60°C for 
caesium, rubidium and potassium. 
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an electron, p the pressure in bars, m the mass of an atom, k& the 
Boltzmann constant and J the absolute temperature. 


For rubidium 


i,=.457 p/+/T amperes per cm? 
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Fig. 6. Potassium positive ion current limited by space charge at various 
vapor pressures. Full line is theoretical curve J, =0.1452 V3! 
Temperature of bulb in °C on each curve. 


and for potassium 


i, = .657 p/+/T amperes per cm? 
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Fig. 7 presents the vapor pressures of caesium, rubidium and potas- 
sium found by this method. The curve for caesium is taken from the 
results of Langmuir and Kingdon? 


For rubidium 
logio p=10.55—4132/T 


For potassium 


logio p=11.83—4964/T 
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Fig. 7. Vapor pressures of Cs, Rb, and K at various temperatures as deter- 
mined by the positive ion method. 


I desire to express my gratitude to Dr. Irving Langmuir and Dr. 
K. H. Kingdon for suggesting this work and aiding me in its completion. 
RESEARCH LABORATORY, 
GENERAL ELECTRIC COMPANY, 
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THE MOTION OF ELECTRONS IN HYDROGEN 
AND HELIUM ; 


By H. B. WAHLIN 


ABSTRACT 


Mobilities of electrons in H. and He at 760 mm pressure have been meas- 
ured by the Rutherford alternating potential method for fields ranging from 
0.5 to 46 volts/cm. The limiting mobilities for zero field are calculated to be, 
for H», 6,700 cm/sec per volt/cm and for He, 10,840 cm/sec per volt/cm. 

Energy loss of an electron on impact in H, and He.—K. T. Compton's 
theory of electronic mobilities is shown to fit the observed variation of mobility 
with field strength provided it be assumed that the fraction of its energy an 
electron loses on impact is, in He, 2.16, and in He, 8.6 times what it would be 
were the collisions elastic. 

Mean free path of electrons in H, and He.—From the limiting values of 
the mobilities at zero field it is calculated that the mean free path of electrons 
in thermal equilibrium with the gas is for Hz at 1 mm pressure, 0.0408 cm, and 
for He at 1 mm pressure, 0.066 cm. These values are approximately half the 
kinetic theory values. 


"THE motion of electrons through a gas under the action of an electric 

field has been studied by Townsend and Bailey,’ Loeb,’ and the 
writer.2 Using a method in which the velocity in the direction of the 
Geld was determined by a magnetic deflection and in which the velo- 
city of agitation was determined from the lateral diffusion of the elec- 
tron beam, Townsend and Bailey have succeeded in showing that the 
velocity of drift of the electrons per unit field intensity is not in- 
dependent of the field as is the case with ions, but decreases with in- 
creasing voltage. This is due to two causes. First, the electrons are 
not in thermal equilibrium with the gas, but, because of energy gained 
in the field, reach a thermal velocity which exceeds that of the gas. 
Secondly, as has been shown by Ramsauer! the electron free path is 
not a constant, but decreases with increasing velocity of agitation for 
low velocities and increases again for higher velocities. 

Townsend’s method is not very well adapted to a study of the 
motion of electrons in low fields, and for that reason it was thought 
best to extend the measurements on the determination of electron free 
paths to such small fields that the electrons may be considered to be 

1J. S. Townsend, J. Franklin Inst. 563 (Nov. 1925). 

21. B. Loeb, Phys. Rev. 20, 397 (Nov. 1922); 23, 157 (Feb. 1924). 


3H. B. Wahlin, Phys. Rev. 23, 169 (Feb. 1924). 
4C. Ramsauer, Ann. d. Physik 64, 513 (1921); 66, 546 (1922). 
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in thermal equilibrium with the molecules. A second purpose of the 
present investigation was to see if a comparison could be made be- 
tween the experimental results and a theoretical equation for electron 
mobilities derived by K. T. Compton. 

The method used was the Rutherford alternating potential one 
with a Hartley oscillating circuit as a source of alternating potential. 
It differed only in detail from the one described in an earlier paper 
dealing with electron motion in nitrogen. The alternating potential 
was measured by a Kelvin multicellular voltmeter from 120 to 30 volts 
and by an electrometer with a phosphor bronze suspension below 30 
volts. 

The hydrogen was purified by passing it over hot copper, through 
a tube containing fused calcium chloride, through a second tube 
containing potassium hydroxide and slowly through a system of tubes 
225 cm long containing phosphorus pentoxide. 

In order to purify the helium (which originally contained about 
2 percent oxygen and nitrogen) three traps each containing about 170 cc 
of finely divided charcoal were used. The charcoal had been activated 
_ with steam and was baked at a temperature of 300°C for 24 hours 
or more. The third trap was so arranged that it was connected per- 
manently to the chamber holding the gas, and the helium circulated 
through this continuously by convection, while the readings were 
being taken. No change in the results could be noticed after circulating 
for a period of 24 hours so that it seems reasonable to assume that the 
gas was pure. 

All determinations were made at a pressure of 760 mm. In obtaining 
the mobility curves, the frequency was kept constant and the alter- 
nating potential varied. From the intercepts_ Bot, the mobility curves 
obtained by plotting the current against field intensity, approximate 
values of the mobility were “computed from the equation 


u=and//2« (1) 


where is the frequency, d the distance between the plates, and x 
the effective value of the alternating field. 

Figs. 1 and 2 illustrate the types of curves obtained in Hz and He 
respectively. It is to be noted that the intercepts are well defined so 
that any error arising from an ill-defined intercept was slight. In the 
case of curves obtained with low frequencies, i. e. where the intercept 
came in low fields, a number of curves were obtained without changing 
the frequency, and the mobility computed from the average value of 
the intercept thus obtained. 
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The mobilities computed from Eq. (1) are plotted as a function of 
the field intensity in Figs. 3 and 4, Fig. 3 for Hs» and Fig. 4 for He. 
As the mobility is not a constant, the values for higher fields must be 


ction. 
Pa) 


co) 


Ss 


Flectrometer Defle 
oo 


> 


2 hi Ee oe 
volts/cm 


Pigs ls 


considered as approximate only, since in the derivation of- Eq. tia 
‘t is assumed that the mobility is independent of the field, and in 
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Fig. 2. 
general this is far from being the case. However, an examination of 


these curves will show that for low fields the mobility is so nearly 
independent of the field that Eq. (1) is applicable and the true value of 


MOTION OF ELECTRONS IN GASES 591 


the limiting mobility may be obtained directly from it. The values 
thus obtained are: 

uy, = 6700 cm/sec per volt/cm, 

U ye = 10,840 cm/sec per volt/cm. 

The use of the alternating potential method for determining mobili- 
ties has been criticized because the electrons do not move through the 
gas with the thermal velocity corresponding to the instantaneous values 
of the field. Compton has shown, however, that the distance the elec- 
trons must travel to gain even 99 percent of their terminal energy 
is small at a pressure of 760 mm, so that the error would be slight. 
There would be a phase lag between the terminal energy and the in- 
stantaneous value of the field driving the electrons from one plate to 
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Fig. 3. Variation with field strength of electron mobilities in hydrogen. 


the other. In other words, during that part of the half-cycle when the 
voltage is rising, the thermal energy is less than it should be, and during 
the part of the half-cycle when the voltage is decreasing it is greater. 
These two errors would tend to counterbalance each other. 

In order to settle definitely any doubt concerning the question of 
terminal energy, the distance between the plates was varied from 
2.13 cm to 4.0 cm in the case of Hz. The values represented by the 
dots (Fig. 3) were obtained with the former distance, and the values 
corresponding to the crosses with the latter. It will be noticed that 
they do not differ appreciably, so that any effect due to a non-terminal 
state is slight. 
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Trst oF COMPTON’S EQUATION FOR MOBILITY 


As stated above, Eq. (1) is applicable only over that range of field 
intensities for which the mobility may be considered as constant. 
When the field becomes so large that the thermal energy of the elec- 
trons differs appreciably from the molecular, the mobility will decrease 
because of the decreased time between impacts. In general, then, the 
mobility will be a function of the field. K. T. Compton’ has derived 
this function and has shown that 
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Fig. 4. Variation with field strength of electron mobilities in helium. 


where e is the electronic charge, \ the mean free path, aT the thermal 
energy of the molecules, and f the fraction of its energy an electron 
loses on impact with a molecule. 

This equation may be written in the form 


a 
[1+ (1+ Bs2)4]s 


if it is assumed that A is independent of x. 


5’ K. T. Compton, Phys. Rev. 22, 333 (1923). 
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The equation of motion of the electrons would then be 
dy ax 


dt [1+(1+Ba2)4]* 


where x is the instantaneous value of the field, and dy/dt is the velocity 
_ in the direction of the field. 


In the case under discussion since a sine field was employed, we get 
dy aX sin 2rnt 

£2. 2.) | eS as es ee 2 

dt [1+(1+ BX? sin? 2rnt)?]} (2) 

Thus a direct check of Compton’s equation is impossible in this 

case. However, it is possible to compare the experimentally deter- 

mined frequency necessary to obtain an intercept with a given field 


with those obtained by a solution of this differential equation. Eq. (2) 
becomes for this case 


fi : ei Han aX sin 2rnt dt 
a [i+(1+ BX? sin [1+ (14+ BX? sin 22rnt)}}* 


Placing 27nt=6@ and solving for n we get 
aX Ve. ; sin 6 dé 
n=—— SS Se er as 
wd [i+ (1+ BX? sin? 6)*)? 
This is an elliptic integral and on reduction gives 


an/2r 
TdW/B 


n= -[2E(k,) — F(A) | (3) 


in which 


Vpamer (GED aid e='sin-t 4/ 
f= = and ¢= sin~ 
of : davai 


The values of a may be determined immediately from the limiting 


mobility as the field approaches zero, since in this case Compton’s 


equation reduces to the form u=a/ 2. We thus get 
ay = 9,490 cm/sec per volt/cm 
Aye = 15,350 cm/sec per volt/cm. 
The values of B which fit the experimental results most closely are 
By, = .003 
Bee eOUA 
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Tables I and II give the frequencies computed from Eq. (3), to- 
gether with those experimentally determined. 


TABLE | 
Hydrogen 
a=9490, B=<.003; a=2513'cm 
Effective value of field n (calc.) n (obs.) 
we 1730 135 
2.09 2960 2959 
B752 4955 5000 
Leah 8000 7990 
10.40 14,000 14,000 
1 17 ,400 17 ,200 
19.5 24300 24,000 
2107 26, 600 26, 200 
28.9 33,300 33,700 
38.5 41,200 42,200 
46.0 46,700 48 ,000 
TABLE II 
Helium 
a=15,350, = .004, d=2.5/ em 
- Effective value of field n (calc.) n (obs.) 
Pht 1055 1061 
LtOy 2120 2090 
2.18 4160 4110 
4.33 8220 8230 
7.94 14,770 14,720 
12.40 22,100 21,400 
19.28 32,200 32 ,400 
26.00 40 , 600 40,750 
36.65 52,300 50,000 


The agreement between the experimental and calculated values is 
quite close. For the higher frequency there isa slight variation which 
may be due to experimental errors. 


CALCULATION OF MEAN FREE PATH 


Since Compton’s equation satisfied the experimental data so closely - 
it must be concluded that over the range of voltages used in these ex- 
periments the mean free: path is a constant and independent of the 
electron velocity. This is not the case in nitrogen, as shown in the ar- 
ticle referred toabove. The values for the mean free path may most 
readily be computed from the limiting mobility, using Townsend’s 
equation, viz. 

u= .75ed/md 


The values thus calculated for a pressure of 1 mm placing 0=1.065 
107 cm/sec. at 20°C, together with the kinetic theory values (4 V2 
times the molecular free path) are 


Experimental } Kinetic theory A 
Hs .04080 cm .0842 cm 
He .0660 1313 
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The experimental values are thus seen to be lower than the kinetic 
theory values. This, however, is not in general the case. Since the ex- 
perimental value of \ found for Ne is .0996 cm at 1 mm pressure whereas 
according to kinetic theory reasoning it should be lower than both 
Ane and Ane. | 


ENERGY LOSS OF AN ELECTRON ON IMPACT 


In the discussion of Compton’s equation above, we used it in the 
general form, simply assuming that the energy loss on impact is a 
fraction f of the electronic energy. From the experimentally de- 
termined value of B it is possible to calculate this fraction f. Since 


B=1.76Ne2/fo?T? 
we get, remembering that x is measured in volts, 
fi. =1.11<%10- 
jae=2.32X10- 


If the impacts are elastic Compton has shown that 
f=2m/M 
where m is the electronic and M the molecular mass. From this we get 


fite= .541 1073 
fule= .270X 107 


The observed fraction is about 2.16 times what it should be on the 
basis of elastic impacts in Hz and 8.6 times too large for He. The 
fraction lost is very small in either case and is independent of the energy 
of the electron at impact over the range of energies covered in these 
experiments. The fact that f for He is greater than that for H, may be 
due to the presence of some impurity not readily absorbed by the char- 
coal although it is difficult to imagine what it could be. No electro- 
negative impurities were present, as shown by the high value obtained 
for the limiting mobility, and it seems reasonable therefore to con- 
clude that other impurities were present in very small quantities. 

Fortunately the mobility is independent of x and therefore also of f 
in low fields, so that the effect on the limiting mobility would be neg- 
ligible, unless the molecular dimensions of the impurity differ enorm- 
ously from those of helium. 


UNIVERSITY OF WISCONSIN, 
MADISON, WISCONSIN, 
January 25, 1926. 
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VISIBILITY PHENOMENA ; 
WITH: INTERFERENCE BY MULTIPLE REFLECTIONS 


By LACHLAN GILCHRIST 


ABSTRACT 


Visibility of interference fringes due to multiple reflections of approxi- 
mately monochromatic light.—Approximate expressions are developed for 
the intensity and visibility of interference fringes for both transmitted and 
reflected light when any number of multiple reflections exist and the source 
of light is one of small width. Where the number of reflections is large, the 
visibility is V=20?C/P and V=(1—0*)C/P respectively, C and P depending on 
the distribution of intensity in the source and having the significance which was 
given them by Michelson and Rayleigh 0 is the coefficient of reflection at the 
first reflecting surface. The effects of the coefficients of reflection and absorp- 
tion are examined and it is indicated that the method of visibility with inter- 
ferometers which depend on multiple reflection may be used to advantage in 
the study of the fine structure of such spectra as those of hydrogen and helium, 
not only in order to obtain the components but also to determine the character 
of each component. It is also indicated that the development may be extended 
to x-ray spectra in which series of multiple reflections from numerous planes 
exist. 


HE growing necessity of obtaining high resolution of the com- 
ponents of a source of radiation makes it desirable that the method 
of visibility of interference fringes developed by A. A. Michelson 
should be investigated for the case where the interference is obtained 
under the conditions of multiple reflections. Resolution of a very high 
order may be obtained and components very close in wave-length 
are revealed by this method, but it has the further distinct advantage 
that it gives the distribution of intensity in the radiation of various 
wave-lengths emitted by components of the source. Moreover recent 
developments in the quantum theory make it desirable to obtain this 
information of the fine structure, particularly of hydrogen and helium 
spectra. 
Interference of homogeneous radiation of wave-number m as ordi- 
narily obtained is represented by 


T=2A2%(1+ cos 4rDm). (1) 
For a source of small ‘‘width’’ this becomes 
r=? f F(x) {1+cos 4rD(m+<x)} dx. (2) 


596 
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If visibility is defined by the expression 


ince Lenin 


ees ae (3) 


and if the distribution of intensity in the source follows the probability 
law, 


4-0 
exp |—/2x?| cos 4rDx dx 


V =C/P = = exp [—(2D)*n°/#?] (4) 


+00 
ff exp |—/2x?|dx 


Where there are several components in the source the visibility is 
expressed by 
SP+2 dor’ cos 41D(d’ —d) 
2 = —___—_—_—__-p? (5) 
aide 
If the width of the source be considered as due to a Doppler effect 
in which Maxwell’s law of distribution of velocities exists it was shown 
by the late Lord Rayleigh that 


V = exp [—2(mAv/dc)?] (6) 
and (4) has been expressed in terms of a defined width @ by Michelson 
thus 

V = exp [—(2D)?ra?/4 log 2| (7) 
From (6), A corresponding to a definite value of V was obtained and 
used in (7) for the same value of V, viz. one-half the maximum JV. 
This gave for the width 

W = (vd/c) (2 Vx log 2) | (8) 


or where the freedom of the source is modified by density 


W = (vd/c) (2 Vx log 2 +/p) (9) 


where p is the mean free path of the source which was assumed to be 
atomic in character. 

If the source is atomic in character and depends on the atomic weight 
and the temperature, then (9) may be expressed 


ash / g 
W =—— nt ——(2./r log 2 +/p) (10) 
a/m mks Is 


598 LACHLAN GILCHRIST 


In the application of these formulas Michelson made use of a com- 
parator to compare the visibility for any path difference with the 
maximum visibility which he defined as unity. : 

Now the development of instruments for investigation in which 
multiple reflections exist and the use of methods of getting absolute 
measurement of visibility make it desirable that all these formulas 
should be reconsidered. Further since x-ray spectra are in general 
formed from numerous series of multiple reflections from a large num-- 
ber of parallel planes it is important that visibility expressions should 
also be obtained for transmitted and reflected x-radiation. The Lummer 
and Gehrcke and the Fabry and Perot interferometers are typical — 
instruments where multiple reflections exist and will serve the purpose 
of illustration. These instruments may have their reflecting surfaces 
silvered or clear. 

The following notation will be used: Jo is the intensity of the in- 
cident light; 0=4a7D/\ where 2D is the path difference between two 
successive rays and ) is the wave-length; is the number of reflections; 
b and e are the reflection coefficients and ¢ and f are the transmission 
coefficients at the two reflecting surfaces, respectively. 

The expressions for the intensity are as follows: 

1. For silvered plates; (a) with transmitted light 


(1—b??)2+ 4b sin? (pd/2) cf? 


T=Ip : (11) 
1— 2b? cos 0+0* 
which becomes simplified, when # is large to 
C2 2 5 
Lhe (12) 
1—20? cos 0-+-0* 
(b) with reflected light and p large 
26 oo 2 2f2 2 
T=1ol B+ cfe(cos d—e) +c2fre | (13) 
1—2e? cos 0+ e 


2. For unsilvered plates where the principle of reversibility may be 
assumed to hold if the angle of incidence is suitable and consequently 
b=—e and 1—6?= cf; 

(a) with transmitted light 


a7.) = Be) +4" sint (p0/2)] 


(14) 
1— 26? cos 0+ 6+ 
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(b) with reflected light 


: [=I)—expression (14) (15) 
these also may become simplified obviously if p is large. Eq. (12) may 
be taken as the result applicable to the Fabry and Perot interferometer 
if a monochromatic source emitting radiation of wave-length d is used. 
Eqs. (14) and (15) represent the result obtained for the Lummer and 
Gehrcke plate where 0 =yp47D/\ in which wp is the index of refraction 
of the plate. 

As in the case of the simple interferometer, if the source is complex 
(12) becomes 


x of? 
vif FE (4”)————____—dx (16) 
: 1— 2b? cos 0+ 04 


where 0=47D(m-+x), and may be written in the form 


2/2 wth 8 
tare f F(x)(1+20? cos 0+2b! cos 20+ - + + )dx (17) 


=e 


In the same way (12) may be written 
gf? 
1— bt 


eae (1+2b? cos d+2b! cos 204+ - + -) (18) 


and if 2b*cos20+2b°cos30+ --- may be neglected, then in (18) | 


Ty! (14.28 cos 8) (19) 
iets | 
and in (17) 
nay plied eb 
ef pp hee? cos 0) dx (20) 


and maximum and minimum intensities are given by 


c2f? 
Ear ace 2b?/C?+S?) 


where P= Jf F(x)dx, C=JS F(x)cos4rDx dx, and S=JS F(x)sin4rDx dx 
and since S=0 for a symmetrical source 


2£2 
T_(p—26°C) 
1b 


agke 
Tnos= (P+ 2PC) and DT nin= 


Me 
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and therefore 
V =20C/P=20? exp [—(2D)*x?//*]. . (21) 
Using Michelson’s form of expression 
V =20? exp [—(2D)?x?a2/4 log 2] ygenhed) 
and Rayleigh’s form of expression : 
V =20? exp [—2(aAv/dc)?| (23) 


an expression which was obtained by Saha! and by A. J. Dempster” by 
somewhat different developments. 

It may be observed that by increasing 0? a large path difference A 
may be used and the visibility will persist, for from (23) 


XC 1 | 
A=—- rif = log (202/V) (24) 
TV T 


High values of b? may be obtained by the use of reflection at air- 
metal surfaces, e. g. by silvering the plates in the Fabry and Perot 
and Lummer and Gehrcke interferometers. Since, however, if 0? is 
high, absorption is correspondingly great, the transmitted light may 
be so weak as to preclude the observation of fringes unless the source 
is made correspondingly bright. Now however, as b? becomes large it is 
necessary to determine if the approximate formula (19) may be used 
for (18) and obtain a measure of the error introduced thereby. 

Examples may be taken showing the magnitude of the error in the 
expression for the intensity introduced by the use of. (1+26?cosd) 
for (1—b*)/(1—2b°cosd +5‘). If b2?=0.8 and O be given values succes- 
sively such that cosd = 1, 1/202, 0.5, 0, —0.5, —1/20?, it will be seen that 
there are errors of excess and deficiency that are of very considerable 
magnitude indeed. 

The maxima of the fractional excess and deficiency errors may be 
shown to occur when cosd = 1 or cosd = b?/4. In the first case the error is 


Ge ( 2b4 ) 
Ip——- - 
1-b \1-P 


and the fractional error is 2b4/(1—0?). If b?=0.8 the fractional error 
is 0.71. In a similar manner it may be shown that if cosd =b?/4 the 
fractional error, when b?=0.8, is 3.8. 


The error in the expression for the intensity will be zero if cosd = 
(b2 + \b4+8)/4 unless at the same time cosd =(1+5*)/2b?, in which 


1 Saha, Phys. Rev. 10, 782 (1917) 
? Dempster, Ann. d. Physik, 47, 791 (1915). 
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case b?=1. But 0? is always less than 1 so that it is possible to find a 
value for 0 for which the use of the approximate formulas under con- 
sideration is justified. 

The error introduced in the expression for the visibility by the 
substitution of (20) for (17) may also be determined. If (19) be used 
for intensity the expression for visibility is given by Eq. (21). If (17) 
is used, then 

er 
if as, (P+28C cos 6+264C,; cos 26+2b°C,cos 30+ -- - ) 


where P and C have the same significance as before, 6=47Dm, and 


x 


aff. F(x) cos 8tDx dx , etc. 


Maxima exist where 0=27, 47, etc., and minima where 0=7, 37, etc. 
The visibility is therefore given by 


1 eed CS NER OSS Mid ON OA Nad OF ee a aa ar 2026 


eee CNC. | P(14+-20'G,/P) 


and if it is assumed that F(x) is exp[—/?x?] 
ZOE. 
= = (25) 
P(1+25 exp [— (4nD/h)*]) 


Now for low values of 2D, exp[—(44D/h)?|==1. It is therefore only 
when 0? is a small fraction that (21) may be used to represent visibility 
in spectra of low order. If one obtains the ratio of the visibilities for 
two values of 2D, as was done by Michelson, using, however, values of 
some magnitude well separated but well towards the limit of visibility, 
the error which is introduced by the use of (21) for (25) is greatly 
reduced. It is therefore evident that in the use of formula (21) for 
visibility and the formulas (22), (23) and (24) which are derived from 
(21) if the value of V is obtained by means of a silvered Fabry and 
Perot interferometer or any multiple reflecting instrument where the 
coefficient of reflection of the intensity is high that errors of some mag- 
nitude will appear in the results unless measurements are made where 
suitable path differences exist. 

It should be observed also that the expressions for Imaz and I min 
were obtained by neglecting varitions of J with C and S. These were 
in general negligible for very narrow sources even for small differences 
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in path. But for large differences in path they become quite important. 
However where visibility is measured near the limit, i. e. for very high 
values of 2D, the variations in intensity will have both deficiency and 
excess values depending on cos4mDx and sin4daDx and the resultant 
integrated variation of J with C and S will be negligible. 

From (6) and (24) it is clear that the path difference for any assigned 


value of the visibility is 1/1 —log2b?/log V times that for the same value 
of the visibility where multiple reflections do not exist. An increase 
or decrease exists according as 0? is greater or lesser than .5. Further 
if .025 be taken as the limiting value of V the path difference cor- 
responding to this value may be shown from (24) to be of the order of 
4 cms. Path differences for the limiting visibility much larger than 
this are observable experimentally. In fact Fabry*® obtained visible 
fringes for a path difference of 43 cm. and Lummer and Gehrcke are 
credited by H. A. Lorentz‘ with using path differences of over one meter. 
In these cases the sources which were used emitted intensely bright 
light. 

In the interferometers of Paper and Perot if the surfaces are not 
silvered and the light is incident normally 0?==0.05 1. e. comparatively 
low. The maximal excess and deficiency errors in the use of the approx- 
imate expression for intensity are negligibly small and V= 2b°C/P repre- 
sents the visibility fairly well even for small path differences. In the 
interferometer of Lummer and Gehrcke the angle of incidence is very 
great and 0? is very high even if the plate is unsilvered. If i<oao 
b?>0.6 and becomes larger rapidly as the angle of incidence increases 
and the errors which are associated with the intensity formula are of 
considerable magnitude. For a fairly thick plate the path difference. 
is large and the expression for visibility is sufficiently accurate. Since, 
however, only a few orders of spectral fringes appear, it may be neces- 
sary to use two plates of the same glass but of different thicknesses in 
order to get the ratio of the visibilities for two suitable values of the 
path difference. | 

If interference is obtained by reflected light and c?/?=(1—6*) the 
expression for the intensity 


1—6?)? 20°(1— ) 
r=1]1-— | tye | 
1— 20? cos 0+ 0% 1— 2b? cos 0+0' 


§ Fabry, Comptes Rendus 128, 1223 (1899). 
‘H. A. Lorentz, Phys. Zeits. 11, 349 (1910). 
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Therefore 


2b? 
T=1o] j syn rae 0) (1+28? cos +25! cos 20+++) | 
and proceeding as in the case for transmitted light, V=(1—0°)C/P. 

The intensity formula for use with the Lummer and Gehrcke plate 
for transmitted light is more accurately that given in (14) which may 
be written 

(1 —6?)? 
I=Ie——| (1 — 2b? cos 0-+64”) (1+28? cos 0+20' cos 20+) | 
If the source has “‘width”’ the expression for visibility reduces to (21) 
-if b is small and p is large. Similarly for reflected light 
(1—0?)? 


T=1_| 1-——| (1 — 202? cos +64) (1428? cos 0 


+ 2b! cos 20+++)} | 


and if b is small and p is large V=(1—0?)C/P. 

In the development of formulas (21) and (24) no account was taken 
of absorption between the planes of reflection or of loss by diffuse 
reflection or scattering. These factors may be ignored if the interfero- 
meters are used for the measurement of wave-lengths or for the direct 
observation of resolved spectral components. If, however, the visibility 
method is to be employed to determine the character of the source 
these should be taken into account. If @ is the coefficient or loss of 
amplitude due to these causes the visibility formula (21) becomes 


V =20%(1—a)?C/P 


With this modification of (21) formula (24) would become 


2 tee 2 
baa NG ie log oie) (26) 
wA ™m V 

if the atomic mass of the source is taken into consideration. Here a 
is the coefficient of loss of amplitude of the light for one passage of the 
light through the interferometer plate. Since the length of this path 
is given by 1=d/cosw where d is the thickness of the plate and yp is 
the angle of refraction or 1=pd/w?—sin®%i where mw is the index of 
refraction of the plate, it is seen that a varies with the angle of inci- 
dence. In the case of glass the values of both a and 0 are accurately 
known. From (26) the relationship between v and m may be obtained 
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even for close components of spectral lines, since these components 
may first be obtained by the use of auxiliary spectroscopes of high 
resolving power. 

If the definition of visibility chosen by the late Lord Rayleigh be 
used in connection with multiple reflection interferometers, ViZe 
V=Imin/Imaz then the considerations of errors which are introduced 
by the use of the approximate formula above are still applicable. With 
this definition 

V =(P—20°C)/(P+22C) 
1— 2b? exp [— (2D)?n?a?/4 log 2] 
~ 1-420? exp [—(2D)?x?a2/4 log 2] 


replaces (16) for transmitted light. 
Or in terms of the velocity of the source 
Solis 2O-BeXD [-—m(mAv/de)?] 
1420 exp [— r(rAv/dc)?| 
or where absorption is taken into account 
1—2b?(1—a)? exp [—(wAv/dc)?| 
. 1+ 267(1— a)? exp [—(rAv/dc)? | 
which replaces (17). 

The Lummer and Gehrcke plate offers some advantages for use with 
this method of analysis of a source of light. 

(1) The angle of incidence is perfectly definite and the coefficients 
of reflection of intensity of light for air-glass surface at all angles of 
incidence are shown to a high degree of accuracy. 

(2) The group of fringes obtained is for large differences of path 
and by choice of plates of suitable thickness groups of fringes with 
well graded visibility may be obtained and measurements may be 
made at many points suitable for obtaining an accurate visibility 
curve from which to deduce the conditions in the source. 

(3) The plate may be crossed with another plate, with an echelon, 
or with other spectroscopes and visibility curves for the resolved com- 
ponents thereby obtained. Where components are not resolved they 
will make themselves evident by a periodic condition in the visibility 
curve for the fringes of the resolved components. 

(4) To obtain measurements of the visibility experimentally fairly 
accurate results may be obtained from a photograph of the fringes if a 
uniform beam of light is sent through the photographic plate and the 
intensity measured for an unaffected part of the plate as well as for 
the various parts of the plate on which the fringes show. This may be 
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sufficiently accurate since it is the ylog(1/V) which appears in the 
formulas (24) and (26). However, a greater degree of accuracy will 
probably be obtained by the use of a thermocouple, a photoelectric 
cell or a selenium or thalofide cell to measure the intensities at the 
maxima and minima. 

(5) The existence of wide minima and narrow maxima of the trans- 
mitted light presents an opportunity of obtaining greater accuracy 
in the measurement of visibility than is the case with the simple inter- 
ferometer since owing to the width of the minima they are not difficult 
to locate. Moreover, since Imaz and Imin are small quantities, especially 
for large differences in path, it is imperative that the minima should 
be located very accurately if the measurement of Imin is to be at all 
accurate. 

For a homogeneous source like that which gives the cadmium red 
line the visibility curve is simple and is obtainable with accuracy by 
the Michelson interferometer and may be readily interpreted. 

For sources of more complex structure, e. g. those of hygroden and 
helium spectra, it is desirable not only to resolve the fine components 
but also to obtain the distribution of intensity in these components. 
Moreover it is now highly desirable to study the Zeeman and Stark 
effects not only in the production of components but also on the dis- 
tribution of intensity in the components for use in the elucidation of 
spectral series and also for the determination of the character of the 
source. In this work multiple reflection interferometers should be of 
considerable assistance. 

In the spectra of x-rays which are obtained from analyzing crystals 
of simple form only the first four or five orders are obtainable. Since, 
however, both the coefficients of absorption a and of reflection 0 are 
of very small magnitude, it is possible to develop expressions for in- 
tensity and visibility which may be reasonably accurate in these low 
orders and which may serve to compare crystal formations and perhaps 
give some information on the character of the source. In this connection 
there has been a very extensive consideration of the intensity of radia- 
tion from imperfect crystals by C. G. Darwin’ and expressions for the 
intensity of the maxima for ideally monochromatic radiation when 
simple and almost perfect crystals are used have been obtained by 
K. W. Lamson.® 

TORONTO, 

August 5, 1925. 


5 C, G. Darwin, Phil. Mag. 43, 800 (1922). 
§ K, W. Lawson, Phys. Rev. 17, 624 (May, 1921). 
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THE RADIATION OF ENERGY AND ANGULAR MOMENTUM 


e 


By H. BATEMAN 


ABSTRACT 


When an electromagnetic field, derived from retarded potentials, is given 
it is generally possible to add to this a scalar field, derived from a retarded po- 
tential y, in such a way that the total radiation of energy to infinity is zero 
for each direction, the contribution of the scalar field being calculated with the 
aid of a tensor used in a former paper. The radiation of angular momentum to 
infinity is not zero for each direction unless the electromagnetic field is of a 
certain type. The approximate values of the field vectors at a great distance 
from the origin can be expressed in terms of a quantity a and when the field 
is of the type just mentioned a satisfies a certain partial differential equation. 
This result may be regarded as typical for attempts to solve the radiation 
problem in which the electromagnetic radiation in one of Bohr’s stationary 
states is supposed to be balanced by radiation of a new type. Some remarks 
are made on the attempts which have been made to solve the problem with the 
aid of electromagnetic fields alone and a brief discussion is given of the radia- 
tion of angular momentum according to the classical theory. 


INTRODUCTION 


1. Ina former paper! an attempt was made to justify the hypothesis 
of non-radiating electronic orbits by a modification of electromagnetic 
theory in which a scalar field, specified by a retarded potential y, is 
supposed to be associated with the ordinary electromagnetic field. 
It was found that in the periodic motion of a point-electron round a— 
stationary nucleus the radiation to infinity of energy, linear momentum 
and angular momentum was such that when an average was taken for 
all directions and for a complete period, the average radiation was in 
each case zero. Unfortunately, this was not true for each direction 
and so the result was to some extent unsatisfactory. Attempts to 
modify the stress-energy tensor with a view to remedying this defect 
have so far proved unsuccessful? and so an attempt will now be made 
to alter the fields. Some alteration is, indeed, necessary, because, 
strictly, we are not entitled to represent an electron as a point charge. 
Moreover, as soon as the electron is treated as of finite size the question 
of the rate of spin becomes important, not only because the electron, 
when spinning, acts as a magnetic doublet, but also because a spin 
will undoubtedly alter the value of y. 

1H. Bateman, Phys. Rev. 20, 243 (1922). 


2H. Bateman, Mess. of Math. 52, 116 (1922); 53, 145 (1924); 54, 142 (1925); 
M. Salkover, Phys. Rev. 27, 87 (1926). 
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Since the rotation and deformation of the electron are unknown 
we shall assume that the fields are unknown except in so far as they can 
be represented by retarded potentials of a certain type and shall look 
for the restrictions, if any, which must be laid on the electromagnetic 
field in order that there may be no radiation of energy and angular 
momentum to infinity in any direction. 


THE RADIATION OF ENERGY 


2. The expressions suggested originally for the components of the 
tensor giving the distribution of energy and momentum and also their 
rates of flow were subsequently modified in order that the space outside 
an isolated stationary electron might be entirely free from stress. The 
components that have now been adopted? for the space outside all the 
electric eel are of types 


ay A 8k 


Xy ae +H ae 2 ae 
| aula Eg 0 = = a ies Axat aa Oe ee 
where 


ee) (s.)- 


(4 -) 
ot 


Oy ey ey 1 dy 
i ee 0 
Ox Oy? 02? er or 


and the field vectors E and H satisfy Maxwell’s equations 


1 OE 
curl H=— —— ., div E=0 
6 Indl 
1 0H ; 
curl E= —— —- , div H=0 
= o& Ob 


3H. Bateman, Phil. Mag. 49, 1 (1925). With these components the flow of energy 
in the field of an electron, which is moving uniformly, is at each point parallel to the 
line of motion of the electron. In the original paper we used the value k=8/3. 
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we have for any constant value of k 


Oe OXy OX, 0G, 


’ 


Ox oy Oz ot 

OS: On; OS; ow 
== =08 

Ox oy Oz ot 


Consequently if W represents the density of energy, Sz, Sy, S, the com- 
ponents of the flow of energy, Xz, Xy, Xz, °°: the component stresses 
and G;, G,, G, the densities of the components of linear momentum, 
we have conservation of energy and linear momentum in any finite 
portion of free space provided the flux across the boundary of the region 
is taken into consideration. 

3. Ata very great distance r from the center of an atom, which we 
take as our origin, the electromagnetic field may be written in the form 


OG, Lao 
H=—— — curl Q+ curl curl P, E=—— — curl P— curl curl Q 
c Ot c Ot 


where the vectors Q and P are given by the series 


) ) 0 0? 
jak -(~) Fa <(*) +—(+) En —;() her 
ie) EN: dy\ 7 dz\ r O20 eng? 


oes (*) 
Oyoz\ r 
De NOnare 0 ( Pe d(/P o” (P 
ro B22) 22) 422) 4B) 
| On ar Ov © O2 Nore ie te Oe 
02 
+2 (==)+ 
dyoz\ r 
in which quantities q, qi, Gz, 43, 4i1,° °° D, Pi, Pz, Ps, Pu, - ~~ are all 


functions of r=t—r/c. These quantities are supposed to be finite 
for all values of 7 and their derivatives with respect to tT are supposed 
to be likewise finite. We shall imagine them to be simple trigonometrical 
functions but this restriction is not necessary. Since these quantities 
are all bounded we shall disregard them or treat them as constants in 
estimating the order of magnitude of an expression. 

In calculating the radiation of energy and linear momentum we need 
only retain terms of order 1/r in the expressions for E, H and y. Con- 
sequently, to this order we may write 


H=sxXb+sX(sXa) , E=—(sXH) 
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where s is the unit vector with components (x/r, y/r, z/r) and where 


1 1 
ee p”’ — —-(api!’ + ype!” +2p,/”) + rr. 
ey, er 
I ” 1 my ny my 
pa—— q!— ——(aai"”+-yay!"-tsas"”) + - - 
cr or 


In these equations primes denote differentiations with respect to the 
argument t—r/c. The approximate expressions for E and H give 
EXH=s|a?+b?—(a - s)?—(b- s)?+2s - (aXb) | 


Assuming that 


K 0 Kj 0 Ka 0 K3 
m2) +302) +2(2)s 
r diNe? oy\ r Co) Noar 

K 1 
=— — —(xKy! +o! +2K3) + - 


Y cr? 


approximately, we find that the flow of energy in the direction of s 
is S where 


gee (EXH)+— vy Boye aed 
ee 3 at 4 Apes at 


1 
=~ «s| at+b*—(a - s)’—(b - s)?+2s - (aXb) 


ORVEIe LOVI\: 6 oe | Oty 
(Qe 

ATARI NOL Lc ee OF 
approximately. Now y can generally be chosen so that this expression 
vanishes. This is evidently possible when k =0 for then we have simply 


to choose WY so that (0/07)? is a given positive function. When k#0 
we have to solve an equation of type 


3k OVEN ke OO: 1 0 z 4 
(DC) 20229] 

+ OT Aigtore ha TIM T ge 
[F(r) P say. 
It seems likely that a solution exists only when F(7) is subject to 
certain restrictions. A general existence theorem for this differential 


equation is hard to find but it is easy to see that there are many cases 
in which the equation possesses a real solution. To see this let us put 


y=e", F(r) =e’G(r) 


I 
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When o is given we can find F if it is possible to choose a real function 


G such that 
(2- ~) (= a) 3k Oa i \p (1) 
2 OT 4 Or? ‘ . 


The quantity on the left-hand side must thus be positive. Let us now 


alter the problem a little and endeavor to determine o when G is given. 
We then have to solve a Riccatian equation 


for p=00/0r. Putting 
3k Liodu 
—8—6k ou dr 
we have the linear differential equation 
aaiaetipaded (5/2 > 
dr? Opaas 


for the determination of w and this equation generally possesses a real 
solution when G(r) is an analytic function. Since G(r) is practically 
arbitrary the function F(r) is also of a very general nature. -The re- 
striction which is introduced by the circumstance that F(r) =e’G(r), 
where o is a solution of (1) does not seem to be very great. 


THE RADIATION OF ANGULAR MOMENTUM 


3. When the radiation of energy is zero for each direction the radia- 
tion of linear momentum is also zero for each direction since the com- 
ponents of linear momentum are proportional to the components of 
the flow of energy and the momentum travels in a radial direction. 

The rate of flow in a radial direction of the z-component of angular 
momentum is 


1 , 
~~ [e(eVe—yXe) +y (eV yyy) +2(eV.— Xe) . 
This will be zero for each direction if 


ay ( oy ay 
E; Vee ite HY tes H 2—-k ae aN oe 
Dt Gate. J+( aes or (: oy 2 =a) 


bh (0 ) 0 
-¥— (= “ta ) aces ey (<= =“) =0 
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where the sufhx 7 is used to denote the radial component. Introducing 
the polar coordinates 

Z=rcos 6 , x=rsin 6cos¢ , y=rsin @sin®¢ , 
we may write 


ay dy dy 


x —aae i 


dy are dp | 
( ay i) ( ay is) oy 
eee ee ae oo resin. 8 —— . 
Ox 02 Oz oy 06 


So far as terms of order 1/r are concerned we may also write 


Now £, and H, are both of order 1/r? consequently we may retain 
only terms of order 1/7 in calculating (xE,—yE,.)/r and (xH,—yH,)/r. 
In particular we may write 


elias tH, —yH,=—rk, 
x(2E,—xE,)—y(yH,—2E,) =2(«E,+yE,+2E,) —r’E, 
=—/7H, 
«(2zH,—xH,) — y(yH,—2H,) =—rH, 
Writing 
H,=—Hesin 6 , E,= — Ee sin 6 © 
He=E cosw , Foe=E sin w 
rH,=ucos w+ sin w , rH,=4uU sin w—v COS w 


we find that the radiation of energy and angular momentum will be 
zero for each direction if the following equations are satisfied. 


4 1 Ow \? 3 0? 
f= (--=) —- (=) — —- ky ¥ 
4. oN Or 4¢? Or? 


peel Ay 3 ary 
Bu=(2-“4) =<" ny (2) 
00 dr 4c 0007 


C 
5 1 dW oO 3 ay 
Fy sin i= (2-2) ~ oY ie — —- ky 
C 


We shall find it convenient to write 


2 = d ay ¥ 
Ss ; R=; men (COL 
4 4 
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When we take into consideration the fact that each of the quantities 
Eo, Eg, Ho, Hg, rE,, rH, is of the form f(6, ¢, T)/r Maxwell’s equations * 
in polar coordinates may be written 


A ) ) 0H 
— sin 6 —(rE,) = — (sin 6 H¢) — 
C OL 06 0p 
1 0 0H, 7) 1 0 
— sin 6 —(rEe) =—- — —(rsin 0 H¢) =— sin 0 —(rH 
; sin ae (rEo) oe at sin 6 H¢) ; F (rH) 
Lowe @) 0H, Ite Be: 
— — (rEs) = — (rHe) — — =-—-— Ve 
y OB eel eae 7 ae 
and give simply 
Eso Fe= — Ho 
1 ) 7) oH 
—sin@—(rE,) = — (sin 0- Ea) — é 
C ar. 88 ag 
1 0 0 OF 
—sin 6—(rH,) = — (sin 0- He) + : 
C OT 00 0d 


Substituting the values of Eg, Hg, rE,, rH, in terms of u, v, E and w, 
we obtain | 


i oe Ou Ow OE Ow 
— sin 6 (= +y =) Ecos 6+ sin she + EK — 


C T OT 0d 
(3) 
Le Ov Ow OE dw 
— sin 6 (2 -u=) = —— — FE sin@d — 
C OT OT 0d 00 


Writing Aloga—plogda/dt=B and making use of the relations (2) 
we obtain the following differential equations for w. 


1 d(w,B) 4h 0( log 08/07, B) 0( loga,log da/dr) a8 


= ee ——_ — — cot 8 
sin@ 0(¢,7) 2 0(6,7) 0(6,7) OTe (4) 
0(w, B) i ody | 1 d( log 08/07, 8B) 0( log a, log da/dr) | 
0(6,7) sin.@ | 2 0(¢,7) 0(¢,7) 

When k=0 we have 6=2loga and the equations for w reduce to 

d(w, B) dp d(w, 8) 
=i >) CO Snuee = =e 
0(¢,T) Or 0(0 ,T) 
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and when we substitute in the first equation we find that 


OF 0B 
sp tos) = = 0. 
0d OT 
This equation gives a value of 6 which is independent of r and so 


when k=0 there is no solution which is of physical interest. When 
k~0 we may eliminate w from the equations 


a(#,8) A(w,B) _ 
a(g,7) a(0,7) 


and obtain a partial differential equation for a. The result is 


0? 0? ) 00 Ob ) ) 
8 lay ie 0 9B aP 


feo, og, dal. 66 dr © bb Or 
928 
uS ea 4 
Spel on © ae 
fe 


where 9 and ® have the values obtained by substituting (5) in (4). 
The general solution of this partial differential equation will probably 
be difficult to obtain. A particular solution may be obtained at once 
by assuming that a and w are independent of ¢. The equations (4) 
then give 


w= f(8) 


1 (log 08/d7,8)  9A(loga,log (da/dr) a8 ; 
a a ace ———— S 
2 0(6,7) 0(6,7) OT ‘ 


In this case the axis of z is an axis of symmetry for the fields and so 
from the point of view of Bohr’s theory of the atom the fields are not 
of much physical interest. 

Further discussion of the differential equation must be postponed 
until the nature of the solutions is better understood. Another differen- 
tial equation which is more easily treated is obtained by considering 
the case in which 
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Substituting in equations (3) we find that if x =log(cosec?@ - d Q/dr) 
0(w, 2) 1 d(x, 2) 


cosec 6 == 
0(¢,7) 2a Th ee) 
d(w, &) 1 d(x, 2) 
= — —cosec 0 
0(6,7) 2 0(¢,7) 
Writing 
1 0Q \ 
w+— log (<- cosec? s) =a, w—ix=B 
Z OT 
1 1 
o= log tan BH , p= log tan eee 
we have 
d(a, Q) ‘ 0(B,Q) 
d(o,7) d(p,7) 


These equations are satisfied by 
a=ilog f[2,c] 
“p= —ilog [2,0] 
where f is an arbitrary function of its two arguments. We finally obtain 
dQ/dt= sin? 6 f[Q, log tan 36-+i¢ | f[2, log tan50—id| , 


This may be regarded as a partial differential equation for the de- 
termination of Q. This partial differential equation may be solved in 
a large number of cases. 

The electromagnetic field determined by a function of this type 
is particularly interesting because the rate of radiation of energy is 
a time derivative and so the total radiation in any interval of time may 
be expressed as the difference of the initial and final values of a certain 
quantity. The rate of radiation of the z-component of angular mo- 
mentum may, too, be expressed in a simple form, for in the integral 


T 20 
fh ik (02/d¢) sin 6 dé db 
0 0 


the integration with respect to @ may be performed at once. If the 
function Q is single-valued in ¢, there is no radiation of this com- 
ponent. 
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If it ever becomes possible to describe the properties of radiation on 
the basis of the classical electromagnetic theory alone this type of field 
may be of some interest. 


REMARKS ON THE CLASSICAL THEORY 


4. A new attempt to solve the radiation problem on the basis of 
Maxwell’s electromagnetic equations has been made recently by 
N. v. Raschevsky.* His work possesses some good features inasmuch 
as an attempt is made to find a field which first gives no radiation in 
a stationary state, then passes over into a state in which there is radia- 
tion and finally returns to another stationary state in which there 
is no radiation. His field which gives no radiation is represented by 
means of integrals of Kirchhoff’s type including surface integrals one 
of which is practically the potential of a double layer. Now in ordinary 
potential theory the potential of a double layer is discontinuous at 
the layer itself. Consequently one is left with the impression that 
Raschevsky’s field is not really a continuous field. This is a defect 
but may not bea fatal objection to the theory because the discontinuity 
may simply mean that the ordinary Maxwell field-equations break 
down in the immediate vicinity of an atom when the fields are very 
strong. There may be equations something like Maxwell’s but the 
relations 


Derk, - B=H 


expressing a simple proportionality between stress and strain may 
no longer hold. Like the solution proposed by Dr. H. A. Lorentz, 
in his lectures at Pasadena, Raschevsky’s solution has the advantage 
of giving no radiation in any direction at any instant and since the field 
vectors are of order 1/7? at a great distance from the origin, there is 
no radiation of angular momentum. 

5. Like most writers Raschevsky takes a vibrating electric dipole 
as a model of an electromagnetic radiator. The radiation of angular 
momentum in the field of a dipole has been calculated by several writers? 
and Rubinowicz has used the results to formulate a selection principle 
in quantum theory. 

A point that seems rather puzzling is that when the dipole rotates 
like a rigid body the angular momentum about the z-axis is radiated 
not in the direction of the axis, the direction in which the light is cir- 
cularly polarized, but chiefly in the neighborhood of the plane of rota- 


4N. v. Raschevsky, Zeits. f. Physik 35, 100 (1925). 
® For the literature see W. H. Westphal, Jahrb. d. Radioaktivitat. 18, 105 (1921). 
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tion and in directions in which the light is linearly polarized. As 
Ehrenfest pointed out, the theory of the Hertzian dipole gives no sup- 
port to Poynting’s idea that circularly polarized light is accompanied 
by angular momentum. 

The radiation of angular momentum in the field of the vibrating 
diplole is seen to depend on the fact that the flow of energy is strictly 
not in a radial direction and that consequently there is a moment arm 
from the origin to the line of flow. The length of this perpendicular 
may be found as follows: 

Let us take P=0, rQ=q(t—7/c), then, retaining terms of orders 
1/r? and 1/r? we have 


SiG IIE , Pig' a) 


cir4 lod ”°? 
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ep He Se 


EXH=s E 
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Using @ to denote the length of the perpendicular from the origin to 
the line of flow, we have 


_ItXtEXeS eae q’)? 


ipod ee le 


Replacing E? by its approximate value 


bra" (4) 


er 
we find that 
% ssid q’)? 
q— (r+ q””)? 
When 
x= COS 2rrT , Qy=asin 2rv7 , qz=0, 
we have 
e (y cos nvr —x sin 2avr)? 


my? 2?+(y cos 2rvr—«x sin 2rvr)? 


This formula indicates that w lies between zero and c/7v; it is zero 
on the axis of g when x=y=0 and has its maximum value in the plane 


s= 
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A line drawn through the point (x, y, z) in the direction of Poynt- 
ing’s vector will, to the present order of approximation, meet the plane 
of xy in a point whose coordinates are 


X=Jcos2rpr , Y=J sin 2rvr 
where 


‘ cr (y cos 2rvr—~x sin 2rp7) 
omy 2+(y cos 2rvr—<x sin 2rvr)? 


approximately. Eliminating rt we obtain the equation 


Tyee 


cr 
(X2+ Y?2)+(yX—2V){ yX—xY——})=0 
TV 
The lines of motion which pass through the point (x, y, z) thus generate 
a quadric cone. 
DEPARTMENT OF MATHEMATICS, 
CALIFORNIA INSTITUTE OF TECHNOLOGY, 


PASADENA, CALIFORNIA, 
February 12, 1926. 
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MEAN INTENSITY OF SOUND IN AN AUDITORIUM AND 
OPTIMUM REVERBERATION : 


By SAMUEL LIFSHITZ 


ABSTRACT 


The optimum time of reverberation was determined experimentally for the 
piano, the violin, the violoncello, for bass and soprano voices and human speech 
in a room of 260 m*. The experimental determinations (1.08-1.14 sec.) give the 
mean value of 1.11 sec. An earlier investigation in a smaller hall of 126 m3 
gave a mean optimum time of Top =1.06 sec. I It is evident that a mean in- 
tensity of sound exists which is the same for human speech andmuiscal perform- 
ances of different kinds, with respect to which our ear determines the optimum 
of the impression. The value of this intensity (10° times minimum audible 
intensity, 7) is given by the formula: 1.333n+log0(a.S:) =3.07. For aS,=49.5, 
the mean intensity is equal to 10*°%, From this, we have as the formula for 
the optimum time of reverberation, for a room of W m? volume: 

6.194 © 


wiles 


logioW =8.5+logiol op — 


CONSIDERING the importance of the experimental determination 

of the optimum time of reverberation, we have verified again, in 
a different room, the conclusion that the optimum for the same hall 
is identical for different musical performances and speech. 

The investigation was conducted in the concert hall of the State 
Institute of Musical Science in Moscow. This hall has a volume of 
265m* and seats 120 persons. The reverberation for the empty hall 
is 2.63 seconds. During the musical performances, we changed the. 
number of auditors and, by this means, determined the optimum of 
reverberation. Instead of a piano, we made use of an automatic per- 
former, the so-called ‘‘Mignon-piano,” so. that the music and its 
performance could be repeated identically for different conditions of 
the experiment. Results obtained are as follows: 


_ Source Optimum reverberation 
piano Li13:sec: 
violin 1 Alisec: 
violoncello v1 i sect 
bass voice 1.41) sec: 
soprano voice 1.11 sec. 
human speech! 1.14-1.08 sec. 
& & (mean (Tp) =1.11 sec. 


1 For speech, we determined the optimum when the finest quality of the voice was 
obtained. Further decreases in the reverberation increased the clearness of speech, but 
the quality of the voice sounded dry. See V. O. Knudsen, Phys. Rev. 26, 287 
(August, 1925). 
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Our previous investigations? gave a mean value of 1.03 sec. The 
mean value obtained by Wallace Sabine’ was 1.08 sec., while a similar 
value found by Watson‘ was 1.04 sec. The average of all these mean 
values is 1.06 sec., as found in the previous investigation, and gives 
the optimum reverberation for music and speech for the investigated 
small halls with volumes varying from 74 to 260 m*. We can explain 
this result if we assume that a constant mean intensity of sound exists 
for different kinds of music and speech, with respect to which. our 
ear determines the quality of the music heard. 

The following considerations give us the meaning of the average 
acoustic intensity. Let the optimum time (1.05 sec.) hold for a hall 
of less than W, m*. For smaller halls, the optimum can remain constant 
because the performer appropriately diminishes the loudness of his 


log 
erie 
(06 Je 


(04, £ 


VOO2 OG? ees oo A 
Mi 
Fig. 1. Showing relative values of ¢t and log/J, based on the linear relation, at=2.3logio 
(Io/i), derived from the reverberation equation: i=Ive~*’. 


voice or musical instrument to suit the conditions of the room. Let 
the absorption of the hall W,=aS, and the mean intensity of sound 
be given by J,/1=10% (where 7 is the threshold intensity and n is 
variable depending on conditions. For n=1, /1/7=10°); the actual 
reverberation therein will be equal to 1.06” sec. In the larger room W2, 
with the absorption equal to aS», the mean intensity of sound will be 
less; or [2/i=10%"aS;/aS2. The actual reverberation will be ¢2 seconds ; 
the reverberation corresponding to the standard intensity, [o/7= 10°, 
will be fs. 

If we want to get a good musical impression in a larger room with a 
smaller intensity of sound, it is assumed necessary to have a longer 

2 Lifshitz Phys. Rev. 25, 391 (March, 1925). 


3 Wallace Sabine, ‘‘Collected Works,” page 75. 
*F. R. Watson, ‘‘Acoustics of Buildings,” page 51. 
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time of reverberation. That is, the energy of musical perception must 
be constant, or 


t logio J=constant. (1) 
(The intensity is perceived, according to Weber-Fechner’s law, in 
proportion to its logarithm.)° ; 
In our case of the two halls W, and Ws, the equation will take the 
form: 


to logio is= 6.367? . 
From Fig. 1, we have by similar triangles: 
bom t3=logio T. fs logi910° 


Or 
to= ts (logio I2)/6 


and on the basis of (1), we can write: 
ts? logio 12 =6.175n 
logio I2=log1o(10%"aSi/aS2) . 
Substituting we have: 
ts? [6n++-logio (a.S1) —logio(aS2) | =6.175n. (2) 


Let us substitute in the last equation the acoustic data for a perfect 
hall. As an example of such a hall we can take the Column Hall of 
the House of Unions in Moscow. This hall has a volume of 12,500 m‘*. 


Toy reece aS2=1175. 


Then we have: 
1.333n+logio(aS:) =3.07 (3) 


where aS,=.164W,/1.06. Eq. (3) gives the relation between and 
the maximum volume W, for which the optimum time of reverberation 
of 1.06 sec. holds. According to our previous supposition, (7=1 for 
I=10%), the volume W,=350 mi’. 

Paul Sabine’ takes logioJ = (9.1 —logioa) in English units, basing this 
on his experiments on the intensity of the sound of the voice and in- 
struments; from which, according to (3) 


n=1.07 ; Wi=285 mw’ ; l=10%™> 


’ Vern O. Knudsen, Phys. Rev. 21, 84 (1923). 
* Paul Sabine. ‘‘Acoustics in Auditorium Design,’’ Amer. Archt., June, 1924. 
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Considering the small difference between Sabine’s values and those 
obtained by the author, we take for the mean volume: W,=320 m!3, 
from which 


n=1.0032 and J/i=10°-9, 


Later, when the optimum time of reverberation is investigated for 
a larger number of rooms and the determinations made for m and W,, 
for which the closest coincidence occurs with experimental results, 
we shall have more exact values. Substituting our determinations for 
nm and W, in the formula (2), we have the equation for the optimum 
time, To» 


6.194 
logio W=8. S+logioT op — . 


(4) 


Top 


This equation is more exact than my previous one,” but it differs from 
it numerically by the amount of experimental errors. 

In comparison with the results of my measurements of Russian halls, 
I give data for some American halls :* 


Volume Full num- Reverberation Optimum 
in m3 ber of of full hall according 
people to (4) ‘‘per- 
present fect acous- 
tics’ 
1. Munic. Audt. 31000 2.13 sec. 2.05 sec. 
Paiste. tall, .CouooN.y. 23400 1.97 sec. 1.96 sec. 
3. Eastman Theatre 22400 3340 2.08 sec. 1.95 sec. 
4, Boston Music Hall 18300 2471 2 LSC. 1.88 sec. 
(rather loud, 22%) 
5. Leipzig Gewandhaus 11400 1597 2.30 sec. 1.73 sec. 
(rather loud, 35%) 
6. Detroit Orch. Hall 8350 1.55 sec. 1.65 sec. 
7. Smith Concert Hall 6550 1042 1.67 sec. 1.60 sec. 
8. Apollo Theatre 5900 1670 1.34 sec. 1.57 sec. 
(“‘dry”’, perfect for 
1235 persons) 
9. Kilbourn Hall 3960 510 1.65 sec. 1.50 sec. 
(satisfactory, rather 
loud) 
10. Wesley Auditorium 2860 500 1.16 sec. 1.42 sec. 
(“‘dry”, perfect for 
300 persons) 
11. Little Theatre 1730 1.28 sec. 1.32 sec. 


THE PHYSICAL INSTITUTE OF THE UNIVERSITY OF Moscow, 
STATE INSTITUTE OF MUSICAL SCIENCE, 
November, 1925. 
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ROTATION OF THE PULLEY IN MELDE'S EXPERIMENT 


By ARTHUR TABER JONES : 


ABSTRACT 


The apparently continuous rotation which may sometimes be observed 
in the pulley in Melde’s experiment is assumed to be the result of a succession 
of small slips of the pulley under the string near some particular phase of 
the motion. The equations of motion are solved under the assumptions that 
there is no transverse vibration of the string, that the string does not slip 
on the pulley, that there is no damping, and that the motion is simple harmonic 
with a frequency equal to that of the tuning fork. It is shown that any slipping 
will first occur when the pulley is close to an end of its swing, and from this 
‘t follows that the sense of a net rotation is determined by the particular end of 
the swing at which this slipping occurs. The theory indicates that the sense 
of the rotation depends on the length of the vertical part of the string, but is 
independent.of the length of the horizontal part. In experimental tests of the 
above theory, the senses of rotation observed for different lengths of the vertical 
part of the string agree with the theory in a great many cases, but differ in so 
many other cases as to show that the theory needs modification—probably by 
taking account of damping. The string used shows considerable elastic after 
effect, and its modulus of elasticity increases with the load. Values of the elastic 
modulus calculated from the lengths at which the rotation of the pulley reversed 
show a moderately good agreement with directly determined values. Values of 
the coefficient of friction between string and pulley, calculated from the ampli- 
tude of the pulley when rotation began, are in fair agreement with values which 
were found directly. 


INTRODUCTION 


N Melde’s beautiful experiment! a tuning fork sets up standing 

waves in a string. The string often runs horizontally from the fork 
to a pulley and then downward to a point where it may be fastened 
or may carry a small load. Raman and Apparao,’ A: WiB6tter. 
and J. S. Stokes,’ independently discovered that the pulley may some- 
times appear to rotate continuously. The rotation requires the fork 
so placed as to set up a longitudinal vibration in the string, but trans- 
verse vibration may or may not be present. Stokes found that under 
certain circumstances a little beeswax applied to the part of the string 
in contact with the pulley reversed the rotation, and a drop of kerosene 
in the groove in the pulley restored the original rotation. 


1 F, Melde, Pogg. Ann. 109, 192 (1859); 111, 513 (1860); Wied. Ann. 21, 452 (1884); 
24, 497 (1885). } 


2C, V. Raman, Phys. Rev. 32, 307 (1911). 
3 A. W. Porter, Knowledge and Scientific News, 5, 193 (1908). 
4 J. S. Stokes, Phys. Rev. 30, 659 (1910). 
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Shortly after Stokes’s discovery I found it possible to reverse the rota- 
tion without wax or kerosene. Sometimes forcing a change in the length 
of the vibrating segment next to the pulley led to a reversal, and some- 
times a slight change in the tension of the string sufficed. I also found 
that if the string passed over two pulleys there might be a rotation of 
both. This study was very incomplete, and the results were not pub- 
lished. In a joint article’ several years later I published a few additional 
facts, and shortly afterward a suggestion® as to the general explanation 
of the rotation. The present paper, restricted to the case where there 
is no transverse vibration of the string, makes a beginning at a more 
complete theory of these phenomena, and gives some experimental 
tests of the theory. | 


THEORY 


Cause of rotation. The explanation of the rotation is doubtless to be 
found in a slipping between the pulley and the string at some particular 
phase of the motion. Now when a string is on the point of slipping along 
a curved surface it is well known that the tensions, 7; and TJ», in the 
free ends of the string are connected by the relation 


T.= Tier , (1) 


where p stands for the coefficient of friction, and o for the supplement 
of the angle made by the free parts of the string. If the tensions vary, 
and the angle between the free parts of the string does not change, 
the string slips when the ratio of the tensions becomes sufficiently 
great. 

In considering Melde’s experiment let us deal only with the case 


where there is no transverse vibration of the string, and let us fog the 


present assume that the string does not slip on the pulley. Let the ten- 
sions (Fig. 1) be given by the equations 


T,;=TIo+L cos pt 
and | | T,=Tot+H cos pt, 
and let both L and H be smaller than jaeeoete st. Then 
T;/T,=1+S cos pi/(To+H cos pt) . 


This ratio attains its extreme values when pi=0 and pt=7. More- 
over, the ratio of the larger tension to the smaller has different values 
when pt=0 and when pt=7z. These facts mean that when the ampli- 


5 A. T. Jones and M. E. Phelps, Phys. Rev. 10, 544 (1917). 
6 A. T. Jones, Phys. Rev. 11, 150 (1918). 
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tude of the pulley becomes sufficient for slipping to begin, it begins 
with the pulley at an end of its swing, and at one end rather than at 
the other. It follows that there is a succession of small slips, all in one 
direction, and if the frequency is sufficient this succession of small net 
rotations looks as if it were one continuous rotation. J 
General method of determining sense of rotation. If we examine the 
various possible cases as to the signs of L, H, and S, we find that the 
ratio of the larger tension to the smaller is greater at that end of the 
swing at which the tension which varies most has its smallest value. 
To determine the sense of the rotation of the pulley we therefore ask 
first in which part of the string the variation in tension is the greater. 
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Fig. 1. Meaning of symbols. A rotation in the sense of the arrow y is called rotation 
toward the fork, and rotation in the opposite sense is called rotation away from the fork. 


Choosing that part of the string, we then find the position of the pulley 
when the tension in that part of the string is the least. If this occurs 
when the pulley is at the end of a swing toward the fork, any slipping 
will allow it to swing on a little farther toward the fork, and there will 
be a net of rotation toward the fork. Similar statements apply for 
rotation away from the fork. 

End of string fastened. Let the end of the string at W (Fig. 1) be 
fastened. Let the amplitude of the pulley be so small that there is no 
slipping, and consequently no net rotation. To simplify matters let 
us also neglect damping. Let / and h stand for the lengths of the hori- 
zontal and vertical parts of the string, both of them measured when 
the fork and pulley are in their equilibrium positions, and let ly) and ho 
stand for the unstretched lengths of these same parts of the string. 
Let x stand for the displacement of the end of the prong of the fork, 
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and y for the displacement of a point in the groove of the pulley. 
Then the tensions in the two parts of the string are 

T:=(I+«—y—lo) /Io (2) 
and Tr=Mhty—ho)/ho ; (3) 
where Xd stands for the elastic modulus of the string. When the system 
is in its equilibrium position, x=y=0 and 7,=7), so that (2) and (3) 
give 
A(I—1p) /lo=(h—ho) /Io . (4) 
Let @ stand for the angular displacement of the pulley, J for its moment 
of inertia; and 7 for the radius of the groove. Then 


O=y/r , (5) 
and since we are neglecting damping, 
(T:—T,)r=16 ; (6) 


From the five equations (2)-(6) it turns out to be possible to eliminate 
the five quantities 7;, T;, 1, h, and 6. We obtain 


g+ny=Prx/T (7) 
where Tah aaa 1 6 
a —~) ; 8 

I & ho 


Let the motion of the fork be given by 
x=a COS Pt , (9) 
where a>0, and assume that the pulley rocks with a motion 
y=bcos pe . (10) 


On eliminating x and y from (7), (9), and (10), we find that 0b is de- 
termined by 


r7r a hoa 


I] . fey ho-tlo—p*I holo fd. 


(11) 


Thus the phase of the pulley is the same as that of the fork or opposite 
to it according as ho+J/y isgreater or less than p?Jholo/?A. 

To find which part of the string experiences the greater change in 
tension, eliminate x, y, and a from (2), (3), (9), (10), and (11). We get 
1—Ip db (: p lho 


T= = —} cos pt (12) 
lo a ho rr ) P 
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and h—ho NY 
(be —h-+ — cos pt. (13) 
ho ho 


From (12) and (13) we see that 7) has a greater range than T% if 
ho>2rr/ pI , - - (14) 


and a smaller range if the inequality (14) is reversed. 

On following out the method indicated above for determining the 
sense of rotation, we are led through a somewhat complicated series 
of special cases to this remarkably simple result: If (14) is satisfied, 
any rotation of the pulley is toward the fork; and if (14) is reversed, 
any rotation is away from the fork. This means that af the end of the © 
string is fastened, the sense of the rotation 1s independent of the length 
of the horizontal part of the string, the rotation 1s toward the fork when 
the vertical part of the string is sufficiently long, and the rotation 1s away 
from the fork when the vertical part of the string is sufficiently short. 

End of string loaded. Instead of having the end of the string fastened 
at W (Fig. 1), let it carry a load which has mass m and displacement 2. 
Assume that the load has a simple harmonic motion of the same fre- 
quency as the fork. Since we are neglecting damping, the phase of the 
load must be either the same as that of the fork or opposite to that 
of the fork, and we may write 


Z=c cos pl . (15) 


We obtain various equations which correspond to those that we used 
when the end of the string was fastened, but we find that we need an 
additional relation, and that this new relation may be obtained by 
regarding the load and the vertical part of the string as executing a 
forced vibration under the action of the pulley. After setting up this 
new relation, and then proceeding in a manner similar to that which 
we followed before, we finally obtain 


b=a/{1+lo|(ho—d/mp?) 3-1 p/n? ]} , (16) 
T= mg+nb| (ho—d/mp*)-*— 1 p?/d7*] cos pt , (17) 
and T,=mg+nb(ho—d/mp?)— cos pt . (18) 


In this case we see that 7; has a greater range than 7), if I[p?/Ar? ~ 
> 2/(ho—dA/mp?), i. e., if ho lies outside of the region given by 


d/mp?<ho<(1+2mr2/I)d/ mp? ; (19) 


and that if ho lies inside of this region, it is 7), that has the greater range. 
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On carrying through the work to determine the sense of rotation we 
arrive again at a remarkably simple result: If J lies inside of the region 
given by (19), any rotation of the pulley is away from the fork; whereas 
if ho lies outside of this region, the rotation is toward the fork. This 
means that af the end of the string is loaded, the sense of rotation is 
independent of the length of the horizontal part of the string, and the rota- 
tion 1s toward the fork when the vertical part of the string is either suffi- 
ciently short or sufficiently long, and is away from the fork when the verti- 
cal part of the string has intermediate lengths. 


EXPERIMENT 


_ Apparatus. In the present work I have used only one pulley, one 

string, and one frequency. The pulley is a brass one with cone bearings. 
Its radius is about 1.35 cm, and its moment of inertia about 19.0 g.cm?. 
The string is the same braided fish cord that was used in previous 
work,®® and has a linear density of about 2.24 mg/cm. The fork to 
which the string was attached is marked with a frequency of 100 double 
vibrations in a second, and was electrically driven by a second fork 
of the same frequency equipped with a mercury interrupter. When 
the amplitude of the fork was desired it was determined by reading 
in a micrometer microscope the width of a brightly illuminated: line 
on the end of the prong to which the string was attached. 

When transverse vibrations appear, it is sometimes possible to damp 
them out by holding one or two fingers lightly against the string. I 
have assumed that this procedure does not seriously affect the longi- 
tudinal vibration. There are however conditions under which the trans- 
verse vibrations are so strong that it is difficult to damp them out and 
feel sure that observations really represent what would happen if the 
vibration were purely longitudinal. Such cases are of course not in- 
cluded in my results. 

General distribution of rotations. The theory indicates that the sense 
of rotation should be independent of the length of the horizontal part 
of the string. I have no observations which test this point. It is much 
easier to avoid transverse vibration in the horizontal part of the string 
when that part is short, and during a considerable part of the experi- 
mental work the length of the horizontal part of the string was be- 
tween 4 cm and 5 cm. 

When the end of the string is fastened, the theory indicates rotation 
toward the fork for the greater lengths of the vertical part of the string, 
and away from the fork for the smaller lengths. Experiment verified 
this prediction when the tension was 25 g, 30 g, or 35 g, but not when 
the tension was 5 g or 10 g. 
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When the end of the string is loaded, the theory indicates rotation 
away from the fork for intermediate lengths of the vertical part of 
the string, and toward the fork when the length is greater or smaller. 
Here again, observations with the smallest loads were either not con- 
sistent or not in agreement with.the theory. But with loads of 20 g, 
25 g, and 30 g, the various series of observations were pretty uniform 
in showing a rotation toward the fork for the greater lengths of the 
vertical part of the string, and away from it for the shorter. Rotation 
toward the fork for still shorter lengths was observed only twice, and 
neither of these observations is very reliable. 

Elastic modulus of the string. If the end of the string is fastened, 
(14) shows that the rotation of the pulley reverses when 1 


ho=2rr/ pl ; (20) 
and if the string carries a load, (19) shows that there is a reversal when 
ho = (1+2mr?/T)d\/mp? . (21) 


A fair approximation to the value of the ho in (20) or (21) can be ob- 
tained by adjusting the vertical part of the string until it has the short- 
est length for which rotation is toward the fork, and again until it 
has the greatest length for which rotation is away from the fork. 
The mean of these two may be taken as not far from hy. (20) or (21) 
may then be used to calculate X. 

To determine ) directly, the string was hung from the ceiling, a 
point near the lower end was observed in a micrometer microscope, 
and a load on the bottom of the string was changed. It very soon be- 
came evident that the string took considerable time to adjust itself 
to a new load. In one case readings for the elongation after adding a 
load of 100 g were made for an hour, and at the end of that time the 
string was still stretching, and there was no indication that the stretch- 
ing was nearly complete. Removal of all of the load except 10 g was 
followed by a similar slow recovery. The curves showing change of 
length against time were of the shape which is customary in cases of 
elastic after effect. 

When there is an appreciable elastic after effect, values obtained 
for the elastic moduli depend on the time for which the changed load 
acts. I attempted to get values for the elastic modulus by alternately 
adding and removing a given load, and allowing several minutes after 
a change of load before taking any readings. This method did not 
lead to consistent results—perhaps partly because of irregular changes 
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in the distance between the ceiling and the table on which the micro- 
scope rested. 

The method finally adopted was to make a series of readings as 
rapidly as possible. A considerable aid in rapid reading was a camel’s 
hair pencil which was mounted so as to rest lightly against the string 
just below the microscope, thus damping the swinging that was intro- 
duced when changing the load. A given increase was made in the load, 
the microscope read, the load decreased by an equal amount, the micro- 
scope read, the load again increased, and so on, until some forty or 
fifty readings had been made. This could be done in a little over half 
an hour, so that the elastic modulus was being determined for a force 
which varied at a rate a little slower than one cycle in a minute. Fig. 2 


adynes) . 
re ieee rs 


Elastic Modulus (me 
<) > 


{00 
Load (grams) 


Fig. 2. Elastic modulus of the string as a function of the load. The numbers 
beside the plotted points give the order in which the values were obtained. 


shows that the elastic modulus thus found for this braided cord is not 
independent of the tension—an effect which is probably to be explained 
by a straightening of the individual strands under the action of the 


heavier load. e. 6 ew me 

A comparison of theoretical and directly determined values of the 
elastic modulus is shown in Table I. The reversal of the rotation 
usually occurred with ho in the neighborhood of 25 cm. A third of 
the theoretical values in the table are the results of single determina- 
tions; the rest are means from two or three determinations. It will be 
seen that the theoretical values are at least of the right order of magni- 
tude. For the smaller loads the agreement is probably as good as 
could be expected. 

Whether the fact that the theoretical values are in most cases 
smaller than the observed has any significance is doubtful. In the 
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cases of metals it is known’ that the elastic moduli usually come out a 
little larger when determined dynamically than when determined 
statically. Wertheim? supposed that this difference was caused by 
the adiabatic heating and cooling in the dynamic experiments, and 
Kohlrausch® pointed out that any elastic after effect would also cause 
a difference in the same direction. In my results the difference is 
usually in the opposite direction, but it is very possible that when the 
theory has been extended so as to take account of the damping, the 
sign of the difference may be reversed. At any rate, the theoretical 
and the directly determined values agree much better than would have 
been supposed from the results on the general distribution of the 
positions for rotation in each sense. 


TABLE I 


Comparison between calculated and observed values 
for elastic modulus 


’ End fastened End loaded 
Tension Modulus Modulus 
(grams) (megadynes) Diff. (megadynes) Diff. 
Seale, obs: 

15 41.5 43 .0 —3.5 
20 44.3 47.0 —5.7 
25 48.4 SU.) —4.5 Aa 50.7 +3.6 
30 43.8 54.0 —18.9 5022 54.0 —7.0 
35 49.5 S6-7 —12.7 64.9 5677 +14.5 
40 50.6 BO 5. [485 


Friction between string and pulley. When the end of the string is 
loaded and there is no slipping of the string along the pulley, it will 
be seen from (16), (17), and (18) that if we know the elastic modulus © 
of the string and observe the amplitude of the fork, we can calculate 
the tensions in both parts of the string. If we gradually increase the 
amplitude of the fork until slipping just begins—that is, until the 
pulley just begins to rotate—(17) and (18) give the limiting values of 
the tensions which we need in order to obtain from (1) a value for 
the coefficient of friction. A similar calculation can be made when the 
end of the string is fastened. , ee 

No observations were made for the purpose of determining the 
coefficient of friction. But in various cases the amplitude was increased 
by steps, and the rotation or lack of rotation was recorded for each 
amplitude. From these records there were selected for calculating the 

7G. Wertheim, Pogg. Ann., Erg.-Bd. 2, 1 (1848). 

E. Warburg, Wied. Ann. 10, 13 (1880). 
Theodor Schréder, Wied. Ann. 28, 369 (1886). 


George A. Lindsay, Phys. Rev. 3, 397 (1914). 
8 F, Kohlrausch, Pogg. Ann. 119, 367 (1863). 


ae 
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coefficient of friction twenty three cases in which it seemed likely 
that an observed amplitude was not much greater than that at which 
the pulley would just begin to rotate. In three cases (18) gave negative 
values for the smaller tension. In the remaining twenty cases the 
calculated coefficients were of the same order of magnitude as the 
observed. In every case the calculated value was, as we should expect, 
somewhat larger than the observed, but in only one case was it as 
much as ten times as large. On the average the calculated values 
were about five times the observed. When we consider the data from 
which these results were obtained, the agreement is perhaps as good 
as could be expected. 


CONCLUSION 


On collecting the results of the three experimental tests of the 
theory for the rotation of the pulley we find: (1) That the general 
distribution of lengths of string for which the pulley actually rotated 
in a given sense tallies with the predictions of the theory only fairly; 
(2) that the values of the elastic modulus calculated from the lengths 
at which the rotation of the pulley reversed agree much better with 
the observed values; and (3) that the calculated values of the coeffi- 
cient of friction between string and pulley, although very rough, 
probably agree with the observed values as well as could be expected. 

I have pointed out that the sense in which the pulley rotates is not 
in all cases that which is predicted by the theory. In a considerable 
number of cases I have also found a reversal of rotation when the 
amplitude is sufficiently increased. In the present theory there is 
nothing to indicate any such reversal, and when comparing theoretical 
and experimental results I have aimed to use the rotation which 
occurred at the smaller amplitude. 

When there are transverse vibrations of the string the theory will 
doubtless be more complicated. But before attempting to formulate 
that theory it would seem wise to see how the above theory is modified 
by taking into account the damping. It seems likely that the damping 
will modify the theory in such a way as to make the theoretical results 
agree more closely with those which are found experimentally. When 
this more extended theory has been developed and tested experi- 
mentally, it is entirely possible that the reversal of the sense of rotation 
of the pulley may provide a new means of studying the manner in 
which the elastic modulus of a cord or rope depends on the frequency 
with which the applied force changes. 


SMITH COLLEGE, 
November 24, 1925. 
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THE PHONIC WHEEL AND SURFACE TENSION 
OF LIQUIDS 


By S. GANAPATI SUBRAMANYAM 


ABSTRACT 


A modification of Lord Rayleigh’s stroboscopic method of measuring the 
velocity of ripples on the surface of liquids is described. A single, electro- 
magnetically driven tuning fork is used to generate the ripples and at the same 
time to drive by means of a Rayleigh synchronous motor a stroboscopic disk 
having as many slots as there are teeth on the motor armature. When the liquid 
surface is viewed through the disk the ripples appear stationary and their 
wave-length may be measured. A sample set of data is presented giving a value 
of 73.7 dynes/cm for the surface tension of water at 30°C. 


ORD RAYLEIGH was the first to apply the measurement of the 

velocity of propagation of ripples to the determination of surface 
tension. He generated the ripples by the motion of a glass plate which 
was attached to the lower prong of an electrically driven tuning fork 
and dipped into the liquid. When ripples travel over the surface of a 
liquid, their velocity is so great that they cannot be observed by the 
unaided eye. If these ripples are viewed by intermittent light, the fre- 
quency of the flashes of illumination being the same as that of the source 
of ripples, then in each interval a ripple will travel over one wave-length 
and will occupy the position occupied by the preceding ripple at the 
commencement of the interval. The ripples appear stationary. To 
obtain such intermittent glimpses of the surface, the surface is usually 
observed through the prongs of a second tuning fork of the same fre- 
quency and maintained in vibration by the same circuit. Thus two 
tuning forks are found necessary for the success of the experiment. 
Moreover their periods must be exactly determined. Lord Rayleigh 
in his experiments on greasy surfaces! used a pair of forks. The fre- 
quency of the interrupter was about 42 per second so that the inter- 
mittent current could be used to excite a fork of frequency about 126. 
The beats between this and a standard Koenig fork of frequency 128 
were counted at intervals and found to be sufficiently constant. 

A method involving the use of only one fork is described here. Water 
is placed in a large porcelain developing dish. To one prong of a tuning 
fork a thin piece of aluminum plate is attached and the latter dips into 
the water. The fork is driven electro-magnetically and the inter- 


1 Rayleigh, Scientific Papers, Vol. III, p. 387. 
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mittent electric current is made to drive a phonic wheel or Rayleigh 
synchronous motor. The phonic wheel consists of two electro-magnets 
and a rotating armature in the form of a soft iron wheel with 30 teeth. 
It was fitted with a permanent friction-wheel and was used with a stro- 
boscopic disc having 30 slots. A timing attachment was arranged to 
ring a bell at every 100 revolutions of the motor spindle. The phonic 
wheel is made to run with its axis vertical. The porcelain dish is 
so placed underneath the stroboscopic disc that the surface of water 
in it is capable of being viewed through the slots in the disc. Thus the 
single fork acts the part of an interrupter as well as an exciter of 
ripples. An incandescent bulb was suspended about a metre and half 
above the surface of water, whose ripples then cast a series of shadows 
on the bottom of the white porcelain dish. Dividers are arranged also 
to cast a shadow and they are so adjusted that the two ends of the 
dividers’ shadow coincide with the corresponding parts of the first 
and last number of waves that can be easily counted. 

To start the motor it is speeded up by hand and then by proper mani- 
pulation kept rotating at approximately this speed until the position 
of the wheel becomes right and the motor falls in step with the inter- 
rupted currents from the fork. As the armature rotates, the magnetic 
circuit of the electromagnet is approximately closed whenever a pair 
of teeth are opposite the pole pieces. As there are 30 teeth in the arma- 
ture, the circuit is closed 30 times during every revolution. The interval 
between any two closures of consecutive teeth is also the interval be- 
tween the appearance in the field of view of any two consecutive slots 
in the disc and thus the ripples are seen by intermittent illumination, 
the frequency of the flashes of illumination being the same as that of 
the fork which excites the ripples. 

The following is a sample set of observations on water at 30C. The 
mean time for 300 revolutions was 181.6 sec. Since there were 30 slots 
on the disk the time interval between flashes was .02016 sec. This as 
noted above is also the period, 7, of the fork, The dividers were set with 
their points 5 cm apart and there appeared between them 8.4 wavelets 
as viewed stroboscopically. This gave for the wave-length, A, a value 
of 0.595 cm. The surface tension of the water may then be calculated 


by Rayleigh’s formula 
r gn? 


Cnr | Ax 
The value obtained is 73.7 dynes/cm. 


ARTs COLLEGE, 
RAJAMUNDRY, S. INDIA, 
November 19, 1925. 
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BOOK REVIEWS 


The Fundamental Concepts of Physics in the Light of Modern Discovery. PAUL R. 
Hrvi.—This little book is a wholly admirable summary of the evolution of the leading 
physical theories of the present day. In simple language, within the comprehension of 
any educated reader, and with frequent enlivening touches of poetry and humor, it 
traces the development of the concepts of matter, heat, electricity and energy through 
the eighteenth and nineteenth centuries down to the startling advances of the past 
quarter-century. The foreword contains an eloquent appeal for a greater breadth of 
vision on the part of the scientific worker. ‘‘We physical scientists feel this most keenly, 
for modern thought presents to us concepts of a strange and bewildering nature, general- 
:zations so broad as to strain our vision to include them in their entirety. We are gasping 
like our ancestor, the lung fish, in a dry season. And yet there are minds which have 
produced these concepts and laid out these generalizations; and there are many more 
who, while they cannot produce, are able to follow. The rest of us are confronted with 
the stern alternatives of keeping up with the procession or falling out.” 

In Chapter I we find an account of the development and decline of the caloric and 
phlogiston theories. The essentially materialistic character of the science of the period, 
combined with appeal to the supernatural when material explanations failed, is empha- 
sized. Various respects in which the thought of the eighteenth century anticipated our 
modern theories are pointed out, for example the transformation of matter into radia- 
tion, the two-fluid theory of electricity, and potential energy. The second chapter 
recounts some of the chief discoveries of the nineteenth century. Among the achieve- 
ments of this century are discussed especially the growth of the concept of energy and 
the correlation of the scattered ideas of the century preceding. Excellent perspective 
views are given of Mayer’s first determination of the mechanical equivalent, and of the 
principle of the conservation of energy. Unusually clear expositions of the second law of 
thermodynamics and its limitations, and of entropy, are given, ending with the following 
bit of wisdom: ‘Nothing, to the popular mind, can be less akin than poetry and mathe- 
matics; and the concept to which we refer, that of entropy, is abstract and mathematical 
to a high degree, being defined by an integral, and not capable of being as readily visu- 
alized as its sister concept of energy. Nevertheless there may be such a thing as poetry 
under an: integral sign, incongruous as the association may appear.” Comparatively 
little space is devoted to Maxwell’s great contributions. The final chapter, on the 
twentieth century, or the ‘‘Century of Hope,’”’ occupies nearly half of the book. The 
author constantly points out the evolution of present ideas from those of the past, as 
well as the need of further advancement into the unknown. The outstanding features 
of this chapter are the accounts of the modern theory of matter, including the quantum 
theory, and relativity. With great clarity Einstein’s deductions of the correlation of 
gravity and inertia, and of the relation between matter and energy, are described, and 
the difficulties in the way of experimental verification are noted. These pages on rela- 
tivity and its shortcomings contain the best popular exposition of the subject that we 
have yet seen. Unfortunately the book was written just too early for a consideration of 
Miller’s latest experiments on ether drift. 

A good list of references to original memoirs is provided. Nevertheless one cannot 
help wishing that the author had been more explicit as regards dates of discoveries and 
the names of those to whom some of the advances are due. As to errors, it is perhaps 
unfair to expect rigorous exactness in a book for popular reading, yet the statement on 
page 73, that the quantum concept ‘‘atomizes energy into indivisible units, not all of 
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the same size, but integral multiples of the smallest of them,’’ without mention of the 
effect of frequency, seems needlessly misleading, likewise the statement on page 83, that 
“the magnetic attraction can be cut off by a suitable screen.’’ The book concludes with 
a consideration of the attitude of the scientist toward the future. The following. quota- 
tion is typical of the picturesque style of the book: ‘“The physicist, above all others, 
remembers how Galileo invited the learned men of his day to look through his telescope 
and how they refused to do so; but he also remembers how the Pilgrim made his progress 
through Vanity Fair, urged ceaselessly on all sides to buy this, that or the other brilliant 
trinket, and how he held steadfastly to his way, clutching to his bosom that which had 
proved itself to be his only safe guide through all the perils of the way he had come.”’ 
Pp. xii+112. Williams & Wilkins Company, Baltimore, 1926. Price $2.00. 
WALTER G. Capy 


A Textbook of Physics. (Third edition). L. B. Sprinney.—The former editions of 
this book have won for themselves a place among the best American college texts on 
physics, and this high level promises to be maintained by the third edition. The book 
is distinguished by its clarity of statement, excellent figures, and well selected numerical 
examples. While the latter are for the most part the same as in the second edition, still 
in many cases numerical values have been altered and some new examples have been 
added. Inasmuch as some acquaintance with trigonometry is assumed, trigonometrical 
expressions might well have been introduced more freely, especially in the resolution of 
forces in the chapters on statics and on magnetism. The judicious emphasis placed 
upon the more essential facts and principles is an excellent feature; but the revision of 
some of the chapters, particularly with respect to such topics as radio telegraphy and 
modern atomic theory, could have been more thorough. While realizing that this is a 
matter of opinion, the reviewer cannot refrain from pointing out certain matters that 
have been either omitted or rather scantily treated. These are, for example, shear and 
rigidity; self and mutual inductance, and the transformer; the ear; fluorescence and 
phosphorescence; the Foucault pendulum; photo-electricity and quanta. Thermo- 
electricity is hardly mentioned. Excellent historical notes are given here and there, 
but the name of Réntgen appears only in the index, and there is no mention, in the 
paragraphs on atomic structure, of the chief names concerned with its modern develop- 
ment. On pages 443, 444 we read that the proton ‘‘has always the same mass,” and that 
protons and electrons “appear to be equal in diameter.’’ As in too many textbooks, the 
correct explanation of the part played by the dielectric in the phenomenon of residual 
charge and in the experiment with the ‘‘dissectable jar” is not given. As we have stated, 
these criticisms are largely a matter of opinion. In the main, Professor Spinney has 
covered the field with a degree of care and completeness that makes the book distinctly 
to be recommended.—Pp. xiii+635, 420 figs. The Macmillan Company, New York, 
1925. WALTER G. Capy 


Die Neuere Entwicklung der Quantentheorie. Second Edition.—A. Lanp& (Wissen- 
schaftliche Forschungsberichte, Band V)—The new edition of this book indeed merits 
the statement that it is “fully revised”’, for it is twice the length of the first edition (which 
carried the somewhat different title ‘‘Fortschritte der Quantentheorie”’). A large number 
of diverse subjects are summarized, including multiplet structures and the anomalous 
Zeeman effect, specific heats, the mechanics of the hydrogen atom, and the quantization 
of perturbed systems by Bohr’s method of variation of constants. Einstein’s recent 
work on the degradation of gases is very properly presented in greater detail than many 
of the other more familiar subjects. In discussing chemical constants and spectroscopic 
magneton numbers, the author glosses over apparent experimental contradictions, 
probably because the book does not in general include extensive comparisons with exper- 
iment. The first chapter, which is entirely new, is devoted to the structure of radiation. 
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Here both corpuscular light-quants and virtual oscillators are presented as helpful con- 
cepts. 
The book does not purport to be a complete text, but instead, to quote the author, 
is intended for ‘‘readers who are content with a brief recapitulation of the elements of 
the quantum theory.’’ The aims of a good syllabus are fulfilled, for the subject matter 
is usually well chosen and accurately presented. - The style is of necessity a condensed 
one, and this may make certain chapters rather difficult for readers not already familiar 
with the quantum theory. 

An index is included, and also a bibliography in which over 300 papers are listed. 
Consequently the book is well worth having for reference purposes. The bibliography 
is fairly complete in its listing of German papers, but certainly the opposite for those in 
English. References, for instance, are given to the work of Fues, Schrédinger, van Urk, 
and Wentzel on atomic force fields, but there is no mention of the contributions of Har- 
tree and Lindsay. Several other omissions of like nature could also be cited. The correla- 
tion of text and bibliography is poor. Important contributions mentioned in the text are 
not listed at all in the bibliography (as, for instance, the recent work of Compton and 
Simon on scattered light-quants), while the bibliography contains numerous papers 
without any very obvious relation to the text-material, though this is obscured by the 
unfortunate omission of the titles of papers. The bibliography on the correspondence 
principle, for instance, contains a miscellaneous, incomplete assortment of papers on 
the polarization of resonance radiation. The theory of specific heats is presented in the 
text after the early Ehrenfest method, but bibliography references are given to the more 
satisfactory Reiche theory with, of course, no mention of American contributions. 

One must indeed admire the celerity with which the book has been printed, for it is 
ready for distribution only two months later than the date of writing. Consequently, 
the references to the German papers are up-to-the-minute, including even a section on 
matrix dynamics. In view of the obvious speed of writing, one can perhaps excuse the 
occasional misspelled names in the bibliography.—Pp. xi+180, 14 fig, Steinkopff, 1926. 
12 marks; bound, 13.20. ; 

J. H. Van VLECK 
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pie LELE 
AMERICAN PHYSICAL SOCIETY 
Minutes of the Stanford Meeting, March 6, 1926. 


The 138th meeting of the American Physical Society was held at 
Stanford University on March 6, 1926. Professor Fernando Sanford 
presided. Morning and afternoon sessions were held with an attendance 
of about eighty. The Society held an informal luncheon at the Stanford 
Union, attended by fifty-five members and guests. 

The regular scientific session consisted of 27 papers, (one of which 
was read by title) abstracts of which are given on the following pages. 
An Author Index will be found at the end. 

Davip L. WEBSTER, 
Local Secretary for the Pacific Coast. 


ABSTRACTS OF PAPERS 


1. The Compton effect and virtual oscillators. P.A. Ross, Stanford University.— 
In recent papers by Slater and by Bohr, Kramers, and Slater an attempt has been made 
to reconcile quantum theory and wave theory by postulating certain ‘“‘virtual oscillators”’ 
which shall be capableof absorbing waves to synthesize quanta. If such virtual oscillators 
were in a region illuminated by monochromatic radiation from two sources of the same 
frequency it would seem reasonable that the oscillator should build up its quanta by 
absorbing radiation from both sources and thus acquire momentum along the resultant 
Poynting vector. If this absorbed quantum were passed over to an electron to be 
scattered according to the Compton equation, the angle of scattering and consequent 
change of wave-length should correspond, not to the angle between the scattered beam 
and either incident radiation, but to the angle between the scattered beam and the 
resultant Poynting vector. This was tested by placing a graphite scattering block 
between two x-ray tubes driven in parallel from the same transformer. Two spectro- 
graphs were set up. One received radiation scattered at 90° to both incident beams. 
The other received radiation at angles of 125° and 55°, respectively, from the two beams. 
The normal Compton effect was observed. The above theory would demand no shift. 


2. The Doppler principle and the quantum hypothesis. G. E. M. JAUNCEY, 
Washington University.—The relativity theory demands that when an atom at rest 
changes from an energy state W; to an energy state W, there is a change of mass from 
M, to M2. Hence emission of radiation is accompanied by loss of mass. Suppose an atom 
of mass M, moving with velocity 6,c emits a quantum in the forward direction, after 
which the atom has a mass M2 and velocity 6c. Conservation of energy requires 
Myc?//1—B2 =hv + M2c2/./1—B#, while conservation of momentum requires M,6,c/ 
/1—B2 =hy/c+MoBec/\/1—B82. Eliminating 6, and solving for », we obtain v as a 
function of 8;. Now calling vo the value of » when 6; =0, we obtain v/vo = (1+61)/V1—B2. 
If 8; is small and we put 6,c=», then v/yo=(c+v)/c. The formula for the Doppler 
principle has thus been obtained without the use of the classical wave-theory. 
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3. The continuity of the x-ray spectrum at a wave-length twice the short-wave limit. 
D. L. WeBsTER, Stanford University.—Planck’s theory of heat radiation indicated a 
probability that an oscillator might emit any integral number of quanta at once, the 
probability of a number greater than one being greatest under conditions giving most 
rapid absorption. Since the absorption of energy from a cathode ray is presumably very 
rapid, one might expect double-quantum emission in x-rays. Evidence for this would 
appear in the continuous spectrum as a discontinuity of slope at twice the short-wave 
limit. Discontinuities of this sort in observed spectra have been interpreted as second- 
" orders of the short-wave limit, and Kirkpatrick verified this interpretation, approxim- 
ately, by absorption tests. The need for such means of eliminating second orders practi- 
cally vanishes with the use of diamond, in which Bragg found the second order very 
faint. In work on the use of diamond for spectral intensity measurements, the author has 
tested the continuity of spectra and isochromats of tungsten, finding no evidence of any 
double-quantum radiation. The change of slope of an isochromat at twice the excitation 
voltage, if it exists at all, is not over a very few percent of that at the excitation voltage 
itself. 


4. The crystal structure of [N(CH3) 4], PtCls. Maurice L. Huaains, Stanford Uni- 
versity.—Using Laue and spectrum photographs and the theory of space groups, the 
structure of tetramethyl-ammonium chloroplatinate has been determined. The structure 
has cubic symmetry, with @9=12.65A. Pt and N atoms are disposed as are the Ca and 
F atoms in CaF» (special cases 46 and 8e in Wyckoff’s ‘‘The Analytical Expression of 
the Results of the Theory of Space-Groups’’). Each Pt is surrounded by 6 Cl atoms 
(24a) at corners of a regular octahedron, and each N is surrounded by four C atoms’ 
(32a) at corners of a regular tetrahedron. The symmetry is that of the space-group 
O,°(Oi—5) or that of O}(0—3). Assuming the N—C distance to be 1.47A, the best 
agreement with the data is obtained when Pt—Cl is taken as about 2.35A. This research 
was done while the author was National Research Fellow in Chemistry at the California 
Institute of Technology. 


5. The crystal structures of anatase and rutile, the tetragonal forms of TiQOs. 
Maurice L. Hucoins, Stanford University.—Using Laue and spectrum photographs 
and the theory of space-groups, the structure obtained by Vegard for anatase and that 
obtained by Vegard and by Greenwood for rutile have been verified. The unit cell of 
anatase has the dimensions d9=3.78A and co=9.50A; it contains Ti atoms at (000) 
(0,3,4)(2,0,2)(4,2,2) and O atoms at (00x) (0,3,4+4)(3,0,4+2)(3,2,% +4) (00~)(0,3,3—) - 
(3,0,—)(3,3,2-—u) where u=.20+.01. The symmetry of this arrangement is that of 
the space group D4,!9(4Di—19). For rutile a9 =4.58A and co=2.95A; Ti atoms are in 
the positions (000) (3,3,3) and O in (uuo)(uuo)(4—u,u+3,4)(u+4,i—u,4), where u=.30 
+.01. The symmetry is that of D4,4(4 Di—14). This research was done while the 
author was National Research Fellow in Chemistry at the California Institute of 
Technology. 


6. PP’ groups in the elements S(I) to K(IV). J. J. Hoprie_p and G, H. Diexz, 
University of California~—Two new PP’ multiplets representing double electronic 
transitions in A (III) and K (IV) have been added to those already observed (Hopfield, 
Phys. Rev. 23, 766 and 26, 282). The final state of these four groups is the lowest P 
level, which is also the valence level. The six lines of these multiplets are clearly resolved 
on our spectrograms of S, Cland A. The position of the multiplet in K(IV) was predicted 
and then found among Millikan and Bowen’s data. The wave numbers of the multiplets 
are: S(I), 72380, 72174, 72019, 71985, 71805, 71625; Cl (II), 93995, 93626, 93357, 93305, 
92995, 92669; A(III), 114797, 114216, 113803, 113687, 113228, 112690; K (IV), 135691, 
134745, 134174, 133326, 132222. Bowen and Millikan (Phys. Rev. 26, 150) have also 
observed PP’ groups in a series of elements. A comparison of this work with their's 
shows (1) that the structures of the groups are alike except that in the present case the 
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triple levels are inverted, (2) that the successive frequency differences of the groups S 
(I) to K (IV) are nearly equal to those of Mg (I) to Cl (VI), (3) that the difference in 
frequency between the S (I) and the S (V) multiplets is approximately equal to the 
separation of the Cl (II) and the Cl (VI) groups. This multiplet has not been found 
in O (I). 


7. Series due to halogens in infra-red absorption spectra of organic compounds. 
Josep W. ELLis, University of California, Southern Branch.—Absorption band series, 
attributed to carbon-hydrogen and carbon-carbon bonds have previously been reported 
by the writer. The absorption spectra of methylene chloride and chloroform contain, 
in addition to the C-H series, bands which fit a linear, or ‘‘harmonic,’’ series whose 
initial wave-length member seems to be 16.8u. The remaining bands of the short wave- 
length spectra can readily be accounted for by combinations between this series and 
the C-H series. Similarly, bands in the spectra of methylene bromide and bromoform, 
and methyl iodide and methylene iodide, can be grouped into linear series, which start 
at 17.24 and 17.5u, respectively. Members of combination series can also be identified 
in these latter spectra. Members of these series can also be found in spectra of more 
complicated molecules containing halogen atoms, but the spectra are complicated by 
the presence of bands due to C-C pairs. That these bands are due to the presence of 
halogen atoms seems certain; that the presence of hydrogen in the molecule is necessary 
for their appearance seems also certain, as carbon tetrachloride and tetrachlorethylene, 
containing only carbon and chlorine atoms, show no absorption in the short wave infra- 
red region. 


8. On the specific heat of hydrogen. G. H. DiEkg, University of California.— 
A recalculation of the specific heat of hydrogen has been made on the basis of the new 
development in band spectra. The probabilities a priort have to be of the form p; =j-+a, 
where a can be left undetermined. (jis the total moment of momentum of the molecule.) 
The results are: (a) m (rotational quantum number) =3, 13, 23, .... Only moderate 
agreement between theory and observations for any choice of the p;; (b) m=1}, 23, 
34, .. . . (suggested by the visible Hz bands (Fulcher bands). (Dieke, Proc. Amsterdam, 
27, 490. See also Hutchisson and Van Vleck, Phys. Rev. 25, 243) gives much better 
results with the p; to be expected by theory; (c) m=j +4, which is suggested by the 
alternating intensities in the Fulcher bands gives also good agreement for low tempera- 
tures. Other assumptions, less probable, also give curves which agree fairly well at low 
temperatures. The present measurements are not sufficient to decide in favor of one 
particular hypothesis. For higher temperatures the non-rigidity of the molecule would 
_change the curves considerably. There are, however, no data as yet which would allow 
with any certainty the calculation of the curves for a non-rigid molecule. 


9. New oxygen bands between \2000-2300. Vivian M. Extsworty and J. J. 
HopFIELD, University of California.—Sixteen new bands due to ionized oxygen have been 
photographed in the region 2000-2300. They occur in pairs degraded to the red. The 
pairs have a constant frequency difference of 200 units. The bands appear to be an 
extension to the ultra—violet of the group of electronic O2* bands arranged in Deslandres 
progressions by Johnson. Mecke and Birge. made quantum assignments of the group. 
The progression having the lowest final state according to Mecke’s interpretation, is 
now extended by two members having higher initial states than those previously re- 
ported. The total number of initial states now indicated is ten. A new progression having 
a still lower final state appears and fits the scheme. This necessitates raising the pre- 
viously assigned quantum numbers for the final states by at least one unit. Other bands 
which are too dim to measure but which have the characteristic appearance of the group 
and may belong to it, appear farther to the ultraviolet. The 0,0 band and those in its 
neighborhood are still missing and the general character of the schematic arrangement 
is unchanged by the additions. 
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10. On the absorption bands of nitric oxide. H. SponeR and J. J. HOPFIELD, 
University of California.—It was recently shown by one of us that the final state of the 
third positive group of nitrogen (y bands) is the stable state of NO. Now it was found 
from absorption plates in NO taken by Dr. Leifson and kindly sent to us, that also the 
6 bands occur on these plates proving that the 6 and the third group bands have a 
common final state as was suggested by Mulliken and by Birge. This progression from 
the normal state extends the scheme of the 6 bands from n’’ =3 (final) to n''=0 (n’= 
2 to 5 initial). According to a suggestion by Mulliken, the stable state is a double p 
level corresponding to aluminum, while the initial state of the third positive group bands 
corresponds to an s level and that of the B bands to a double d level. 


11. The fine structure of the \4842 band of AIO. Witi1amM C. Pomeroy, Uni- 
versity of California.—The rotational energy of the AlO molecule has been represented 
by F=Bm?+Dm'‘+ Fm'+Hm* where m=k—e. & is a half integer representing the 
resultant molecular momentum. Approximate values of e are .0074 and .01 for the 
initial and final states respectively. Vibrational frequencies for infinitesimal vibration 
calculated from Kratzer’s formula, w= ,/ —4B?/D, agree with values obtained from 
vibration data alone within 0.2%. The doublet separation of band lines was represented 
asa function of & of the initial state for both the P and R branches by a single equation, 
Av =.01162-+12 X 10782-7104. Attributing the doublets to a double energy 
level in the initial state (F’)+~=(.6019 +6X10°)m?— (1.1630 X 107§+3.5 X10") 
mi +.54%10°2m* where m=k—0.0074 +0.00482; (F’') = .6386m? — 1.1094 X 10~*m* 
~ 43 X10-2m* —5.2 X10-18m’, Throughout the measured range (k =140.5), observed 
frequencies of lines of the (0,0) band agree with those calculated from Px+~ =20635.27 
+(F'4)7-— Fe; Re = 20635.27-+(F',1)+~— Fi’ with residuals rarely exceeding 
.04 cm= (.01A). 


12. Theory of intensity distribution in band systems. Epwarp Conpon, Uni- 
versity of California.—Franck (Trans. Faraday Soc. 1925) has given a simple mechanical 
explanation for the large change in vibration quantum number in the absorption bands 
of cold (non-vibrating) iodine molecules. It is assumed that the electron transition 
affects only the binding of the atoms, leaving unaltered the relative nuclear separation. 
Quantitative treatment of this model by the author embodies the application to tran- 
sitions where the molecule is vibrating in the initial state and assumes further that the 
nuclear velocities are not changed by the electron transition, explaining thereby the 
major aspects of the observed intensity distributions in band systems in emission and 
absorption. The theoretical expression is: a! = mo!md?/h+4(o! [ol +a!"/w')n' — JS 
V hes! /o' (rw!'md?/h)sin 0+ 3(w’/w'’—w'"/w’)n' cos 28. Here 1’’ and n’ are the final and 
initial vibration quantum numbers, w’’ and ’ the final and initial vibration frequencies, 
m the reduced mass, d the difference in equilibrium separation in the two electronic 
states and 6 the phase of the vibration at the instant of electron transition. Applied 
to the meager experimental data for emission bands of AIO, CO, CO*, Ne (2nd pos. 
group), Not (1st neg. group), SiN and I, the theory is in good accord with the facts. 


13. The heat of dissociation of non-polar molecules, as determined from band 
spectra, and from other sources. Raymonp T. BIRGE and HERTHA SPONER, University 
of California.—The limiting amount of vibrational energy which a diatomic molecule 
can possess is given by L,=h Hf owdn, where w” is the frequency of vibration, as a 
function of the vibrational quantum number 2, and m is the value of for w*=0. For 
non-polar molecules 1, is finite, for polar molecules it is infinite. Usually the w":” curve 
for the stable molecular state is strictly linear, over the known range, and its linear 
extrapolation to w"=0, for essentially non-polar molecules, seems to give the true value 
of E, to within half a volt. Since the molecule dissociates into two stable atoms, En=Q, 
the heat of dissociation. When the molecule dissociates, while excited by EZ. units of 
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electronic energy, the products of dissociation seem from previous work on iodine to be 
one stable and one excited atom (of excitation energy A). Hence 0+4=E,+E,. For 
dissociation from certain excited states of O2, CO, and NO, A seems to be negligible 
(see following abstracts). Values of Q have thus been obtained for O2, O2+, Nz, Nz*, CO, 
CO*, and NO. These values are self-consistent and are also consistent with data from 
other sources. 


14. The heat of dissociation of O2 and O2t. Raymonp T. BirGe, University of 
California.—Using new data by Hopfield and Leifson, the w":n curve for the excited 
state of the Schumann bands of oxygen is known almost to w"=0. The true value of E, 
(see preceding abstract) is thus known to +0.01 volt. E.+E,(=Q+4A) =7.05 volts, 
and A is probably only 0.01 or 0.03 volts. (The stable state of oxygen atom is a triple 
p level, of 0.01 and 0.02 volts spacing.) Hence the true heat of dissociation of Os» is 
7.05 +0.03 volts. Mulliken finds that the Runge bands are a portion of the above system, 
and the new data thus available for the stable state of O2 yield an apparently linear 
w":n curve from »=0 to 17. Its linear extrapolation (to m,=69) gives E,=Q =6.66 
volts, showing the probable error (+0.5 volts) of such an extrapolation. The O,+ bands 
give Q’=6.46 volts, from a linear w”:n curve for the stable state, and 6.49 volts from a 
linear excited state curve, (O2++Q’ volts=O+0O*). I’ (ionization potential of atom) 
=13.54 volts. Therefore J (ionization potential of molecule) =14.1 volts, since from 
conservation of energy, 7+Q’=Q+TI’, always. These values agree with the Hogness 
and Lunn results of positive ray analysis of oxygen. 


15. The heat of dissociation of No and Not. HERTHA SPONER, University of Cali- 
fornia.—Q for N2 has been suggested by the writer as about 11.4 volts, from the energy 
of active nitrogen. The w” data for the stable state are unknown. The w”:n curve for 
the final state of the first positive group gives E,+ E, =8.0+3.87 =11.87 volts. Because 
of the non-linear character of the curve, this result is only approximate. The above value 
is supported by the results of Hogness and Lunn, who get N* ions at 24 volts has the 
result of a collision of an excited N2 with a neutral molecule. The explanation can be 
given by the process N2*¢ (24) N+Nt(13-14)+0(11.4). The value for ionization of 
N( = 13-14) is estimated roughly from spectroscopic data. For N2* one obtains 9.06 volts 
for Q’ from a linear graph for the final state, and 9.7 volts from the linear extrapolation 
of an actual negatively curved w”:m graph. Hence this last result should be too large. 
Using the J+Q’=Q-+1T’ equation with the known J =16.5 volts, 16.5+9.06 =11.4+T’. 
This gives I’ = 14.16 volts, to be compared with the above 13-14 volts. The agreement 
is within the limits of error. 


16. The heat of dissociation of CO, CO*, and NO. Raymonp T. BirGE and HERTHA 
SPONER, University of California.—A strictly linear w":1 curve for the stable state of 
CO (known to n=22) gives Q=11.18 volts. The next higher electronic level gives 
Q=12 volts, but is more uncertain. The third level is unsuitable for this work. The heat 
of sublimation of diamond (6.11 volts) and other known chemical data, combined with 
the now known value Q=7.05 volts for Oz, give Q=10.78 volts for CO, a probably 
better value than 11.18. Only the stable state of CO+ gives a linear w”:m curve and the 
resulting Q’=9.82 volts, (CO++Q’ volts=C+O+ assumed). The known J for CO is 
14.2 volts, and I’ (of oxygen atom) is 13.5 volts. Hence J1+Q’=Q+I’ becomes 14.2 
+9.82 =10.78+13.5, a satisfactory agreement. For NO only the excited state of the 
gamma bands gives a linear w*:m curve. The resulting E,+E,=17.19 volts. Assuming 
Q=7.05 for Oz and 11.4 for No, and knowing N2+0O2+1.9 volts=2 NO, Q=8.27 volts 
for NO. Since E.+E,=Q+4A, A equals 8.92 volts, and this type of dissociation of NO 
seemingly results in a neutral nitrogen and an 8.9 volt excited oxygen atom, agreeing 
with the known resonance potential of oxygen (9.1 volts). 


17. Rate of neutralization of the field in the Braun tube with external electrodes. 
A. M. Cravatu and L. T. Jones, University of California.—This is a study of a problem 
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which arose in the investigations of Jones and Tasker, J.0.S.A., 9, 471, 1924. The field 
of the external electrodes is rapidly neutralized by: the collection of ions and electrons 
on the tube walls, so that the deflection is not proportional simply to the applied voltage. 
The neutralization proceeds like the discharge of a condenser with time constant RC=r. ~ 
This time constant 7, which is a reciprocal measure of the rate of neutralization, was 
calculated from current measurements made with internal electrodes, and was measured 
directly by photographing the variation of deflection with time, the two values for the 
tube used being 0.002 and 0.0013 seconds. From the latter value it is calculated that for 
sinusoidal voltages of 60 and 7000 cycles per second the deflection should lead the 
applied voltage by 65° and 1° and the amplitudes should be reduced to 40% and 99.98% 
of the values they would have in the absence of neutralization. 


18. Phase and magnitude of deflections of Braun tube beam with internal and 
external electrodes. R.A. JAcK and L. T. Jones, University of California.—Photo- 
graphs showing a 90° phase difference between the deflections of a cathode beam of a 
Braun tube with 60 cycle alternating potential applied to external and internal elec- 
trodes, respectively, were published by Jones and Tasker. (J.0.S.A. 9, 471, 1924; 
Phys. Rev. 23, 777, 1924). The following work has been done to determine the phase 
difference at different frequencies and to determine the deflection as a function of 
frequency with external electrodes. At the lower frequencies the deflection is a function 
of the frequency, while at the higher range the deflection becomes constant. At high 
frequencies the deflections with external and internal electrodes are apparently equal. 
By the use of Lissajous’ figures, with the internal and external sets of electrodes at right 
angles, the phase difference has been found to disappear at high frequencies. Work is 
being continued to complete the frequency range from 60 to several million cycles. 


19. The ionization of oxygen as interpreted by positive ray analysis. T.R. HoGNEss 
and E. G. Lunn, University of California.—Positive-ray analysis of the products of 
electron-impact ionization in oxygen shows that the percentage of the ions, O;* and O2t 
is independent of the pressure of oxygen. Evidence is thus given that Oi* and O.t are 
formed by independent processes, and hence that an impact electron can dissociate 
oxygen with the formation of the atomic ion. The ionization potentials for the formation 
of O,+ and O,+ were found to be 13 and 20 volts, respectively. The latter, together with 
Hopfield’s series limit, gives 6.5 volts (150,000 calories) for the heat of dissociation of 
oxygen. 


20. Mobilities of gas ions in HCl. Lronarp B. Logs, University of California.— 
Mobility measurements were made in pure dry HCl gas using the Franek modification 
of the Rutherford method with an alternating potential of square wave form. The 
average mobility for the positive ion at 20°C and 760 mm was found to be 0.65 cm/sec 
per volt/cm and 0.56 cm/sec per volt/cm for the negative ion. This measurement of a 
negative mobility definitely less than a positive mobility constitutes the first exception 
to a general rule previously assumed from observation which indicated that the negative 
ion had a mobility either equal to or greater than the positive ion, but not less. The 
inverse pressure law of mobilities was found to hold for both positive and negative ions 
down to 16.3 mm pressure. It was concluded from this that the constant of attachment 
of electrons to HCI molecules to form negative ions was nearly as low as that for Cl2 gas. 
Finally, measurements of mobilities in mixtures of air and HCl showed unmistakable 
signs of a cluster ion formation in this gas, the mobilities being lowered by marked 
amounts for fractions of a percent of HCl gas. 


21. On the theory of electrolytes. F.Zwicky, California Institute of Technology.— 
The theory of Arrhenius accounted for the different properties of electrolytic solutions 
with the hypothesis of complete or partial dissociation of the molecules of the solute, 
the degree of dissociation being a function of the concentration. After it had been shown, 
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that for strong electrolytes the dissociation is complete at all concentrations, another 
explanation for the behavior of such solutions had to be found. Concerning the osmotic 
equation of state and the electrical conductivity, the problem was solved by Milner 
and Debye in introducing the so-called “‘ion-atmospheres.’’ The ordinary equation of 
state (thermal and caloric), however, has not yet been treated and it is now proposed to 
deduce it in a general way. It appears that the effects due to the electric charges of the 
ions are predominant. These effects are, in outline, the following: (1) formation of ion- 
atmospheres; (2) electric polarization of the solvent; (3) attraction of the molecules of 
the solv ent towards the ions with resulting high pressures (as great as 50000 atm.) in the 
vicinity of the ions. The mathematical treatment of these effects gives results, which 
are in complete agreement with the observed data of specific heat, compressibility, 
thermal coefficient of expansion and volume-contraction on solution. 


22. Variations in Hall effect and thermoelectric power due to changes in crystallinity. 
L. J. NEUMAN, University of California.—Variations of the Hall constant due to changes 
in crystallinity have been investigated. Strain-hardening was found to produce an 
increase in R for Bi from —5.78 to —9.27. In Sn and Cu, however, the value of R is 
decreased by similar treatment. Thermoelectric effects between specimens of Fe, All 
Ni, Zn, Cu, Au, and german silver possessing different degrees of crystallinity have 
been measured for temperatures from 0°C to 1000°C. Thermoelectric powers of over 2 
_microvolts per degree C have been observed between annealed and strain-hardened 
specimens of a single metal. The sign of the e.m.f. is the same for all of the metals 
investigated. Thermoelectric effects between single capillary crystals are discussed 
and data given. a 


23. Errors in measurement of the Thomson effect and an anomalous effect in Bis- 
muth. Marcus O’Day, University of California.—Especial care must be taken in the 
measurement of the Thomson Effect that there is no chance for leakage of the main 
current to the measuring apparatus. Experiments conducted by the writer have shown 
that with ordinary precautions against leaks, a small stray current to the measuring 
apparatus would behave just as a normal Thomson Effect if thermocouples are used for 
the measurement of temperature. Using extreme precautions against this and isolating 
the thermocouples in pyrex glass tubes the writer has worked on the effect in bismuth 
using heavy currents. Several thermocouples were placed along the bar and the change 
of temperature measured upon reversal of the main current. However, instead of the 
change of temperature being proportional to the temperature gradient, the. writer 
finds a direct proportionality to the temperature. It is suggested that this may be due 
perhaps to an asymmetrical thermal conductivity due to the method by which the bars 
were cast. It was found upon examination of the crystals in the bars that due to the 
expansion of bismuth upon solidifying the center of the bar is displaced upward forming 
a very peculiar funnel-shaped crystal. 


24. Performance of the graphic acoustic sounder during the Australian cruise of the 
U. S. fleet. L.P. Devsasso, University of California, Southern Branch.—By author- 
ization of the Bureau of Engineering of the Navy Department, the device reported at a 
previous meeting was installed aboard the U. S. S. Maryland. Wherever the position 
of the ship could be fixed accurately it was found that the record obtained with the 
Graphic Acoustic Sounder was in good agreement with the charted depth. The device 
was found to operate satisfactorily from 20 to 3500 fathoms. It is shown that the shallow 
limit is fixed by the oscillator characteristics, while the maximum depth may be extended 
by the use of filters and greater amplification. 


25. Measurement of reverberation with the thermionic tube oscillator. VERN O. 
Knupsen, University of California, Southern Branch.—The writer has made reverbera- 
tion measurements, using an audio-frequency oscillator and a high quality loud speaking 
telephone receiver instead of a series of organ pipes as has been used by W. C. Sabine 
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and other investigators. The arrangement has the following advantages: (1) The 
acoustic energy generated by the receiver is proportional to the electric energy actuating 
the receiver, and therefore test tones of standard intensity are readily obtained from 
simple measurements of currents and impedances; (2) each standard test tone is based 
upon its tone of minimal audibility, the latter being determined by taking many 
measurements in different parts of the room, and therefore the reverberation measure- 
ments are almost independent of slight residual noises in a room, and do not require 
correction for the volume and absorption of the room; (3) the apparatus is more portable 
and convenient than the organ pipes with their auxiliary equipment. The apparatus 
has been used satisfactorily to determine the coefficients of sound absorption of many 
new materials used for the reduction of reverberation and noise in architectural interiors. 


26. An application of the Quantum Theory to the luminosity of diffuse nebulae. 
H. ZAnstrA, National Research Fellow, California Institute of Technology .—It is well 
established, that galactic nebulae are emitting light under the influence of neighboring 
stars. Approximating the star by a black body and the nebula by a mass of pure hydro- 
gen the following mechanism is worked out for the production of the nebular hydrogen 
spectrum. The ultraviolet star light beyond the head of the Lyman series is completely 
absorbed, causing ionization of the nebular atoms. The subsequent re-combination 
causes the re-emission of line spectra and continuous spectra. To account for the photo- 
graphic intensity of the observed nebular emission spectrum produced under the in- 
fluence of stars By and Oe; (Hubble), we have to assign a temperature to those stars of 
about 33000°. This value is sufficiently close to temperature estimates from other 
sources (thermal ionisation). Further work is in progress,’ including a more refined 
temperature determination from the observed luminosity for the stars Bo and Oe, 
and an application to planetary nebulae. 


27. Remarks on penetrating radiation. Epwarp Connon, University of California.— 
An atomic model for Rutherford’s ‘‘neutron”’ is presented. which has an oscillation fre- 
quency closely corresponding to that estimated by Millikan from his recent measure- 
ments of the absorption coefficient of the radiation. A correction to the method of 
reducing the observations indicates that the absorption coefficient may be but half 
that given by the usual exponential law. The model used considers the oscillation ofa 
proton inside an electron which has a volume distribution of electricity. The agreement 
of the frequencies observed and computed, is better than a 10% discrepancy. 
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HIGH FREQUENCY RAYS OF COSMIC ORIGIN 
II. MOUNTAIN PEAK AND AIRPLANE OBSERVATIONS 


By R. A. MILLIKAN AND R. M. Ortts 


ABSTRACT 


The elimination in penetrating ray experiments of temperature and pressure 
effects is accomplished through new features in the design of Wulf electroscopes, 
but especially through immediate reduction in situ of all deflections to volts. 

Variation of penetrating radiation with altitude and with time of day.— 
When suitable precautions are taken for eliminating the activity of adjacent 
rocks, both airplane and mountain peak observations agree in showing a definite 
variation of the penetrating radiation with altitude alone. Within the limits 
of experimental error all observations are consistent in showing no dependence 
of the penetrating radiation upon the time of day or upon the position of 
heavenly bodies. 

Absorption coefficients of penetrating rays.—Absorption experiments 
made on Pikes Peak with lead sheets 4.8 cm thick furnish evidence for the 
existence on mountain peaks of copious new rays of local origin of no greater 
hardness than that of gamma rays. If these new rays are assumed to be homo- 
geneous their absorption coefficient is about 3.1 per meter of water. These 
experiments, however, furnish no definite evidence for the existence of very 
penetrating rays of cosmic origin. 

Necessary characteristics of cosmic rays if they exist—Such rays cannot 
produce as much as 2 ions per cc per sec. at sea level if they have an absorption 
coefficient not less than 0:25 per meter of water. If cosmic rays exist at all 
they must be less intense than this, or else they must be more penetrating than 
anyone has as yet suggested. 


I. INTRODUCTION 


HE sounding balloon experiments reported in Part I! had shown 

that the integrated natural leak of electroscopes at altitudes up to 
15.5 km was slightly larger than the leak at the surface covering the 
same time interval. They had, however, shown nothing about the dis- 
tribution of the leak with altitude, and they had shown nothing about 
the hardness of the rays causing the leak, further than to prove that 
if there were any rays of cosmic origin they must be very much more 
penetrating than had thus far been imagined in order to account for 
the smallness of the observed ionization. If, on the other hand, the 


1 Millikan and Bowen, Phys. Rev. 27, 353 (1926). 
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small observed increase in ‘onization were due to radioactive materials 
in the atmosphere the penetrating rays should have the absorption 
coefficients of ordinary gamma rays. 

In order to supply information upon these points a new group of 
experiments was planned and carried out in the summers of 1922-23. 
These involved (1) absorption experiments at the highest altitude to 
which we could transport considerable quantities of absorbing materials, 
and (2) experiments without absorbing screens in balloons, airplanes, 
and on mountain peaks to see whether altitude as such were a de- 
termining factor in the observed variations in the discharge rates, or 
whether there might be largely different discharge rates in different 
localities, thus accounting for the widely different results reported by 
different observers. 

Suspecting, however, that these differences were due primarily to 
the failure to take suitable precautions against the influence of tem- 
perature upon the dimensions and elastic constants of the electroscopes, 
we adopted especial precautions for eliminating completely all such 
effects. | 

Il. THE ELECTROSCOPE 


The electroscope used is diagrammatically shown in Fig. 1 and a 
photograph of it ‘nside a lead sheathing is reproduced in Fig. 3.. This 
electroscope, which is of the Wulf type, was designed and constructed 
in the shops of the Norman Bridge Laboratory of Physics. Two quartz 
fibres of about 0.005 mm to 0.01 mm diameter and about 6 cm long, 
sputtered with platinum to make them conducting, are at the top 
soldered together into a small copper tube which is held by a set-screw 
in a brass cap, A, cemented to a long rod of quartz insulation. At their 
lower ends the fibres are fastened by a bead of shellac to a bow of un- 
sputtered quartz fibre of slightly greater diameter. The ends of the 
bow are attached to brass pieces, B, whose effective lengths are 
adjustable, so that the fibres can be brought to the most efficient ten- 
sion. This tension is one that will allow full-scale deflection when the 
electroscope is charged to the desired potential, but is still sufficient 
to make stable the fibres and to bring them together when uncharged. 
The screws for adjusting the tension on the fibres pass through an 
invar bridge which is supported in invar rods, C, which are in turn hung 
from approximately the same point in the top that supports the quartz 
‘nsulator. Thus the tension is not changed by any deflection of the 
electroscope case due to a difference in pressure between the inside and 
the outside. Furthermore, inasmuch as the invar used was tested and 
ound to have a temperature coefficient of expansion practically equal > 
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to that of quartz, the tension of the fibres should be independent of 
temperature also. This was found to be the case. 

The case of the electroscope was made from cylindrical brass tubing, 
1.7 mm to 1.8 mm thick. The bottom was of brass, 5 mm thick, while 
the top was of rolled zinc and most of the metal parts connected with 
the top were turned from zinc castings. This case was air-tight under 
a pressure of 60 lbs. per square inch above atmospheric pressure. The 
enclosed air was kept dry by phosphorus pentoxide which filled the 
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Fig. 1 


flat cylindiical box, D, at the bottom of the electroscope. This box, 
which is covered by a perforated top to keep the phosphorus pentoxide 
from being shaken out where it might cause trouble, screws onto a lug 
projecting from the bottom of the case. 

The positions of the fibres were determined with the aid of a micro- 
scope having a scale in the eyepiece. A window on the opposite side 
of the case provided light. Sunlight was used when possible; in other 
cases a small flash-light bulb attached to a projection over the window 
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was employed. The position of the objective as well as the eyepiece 
of the microscope could be varied, for the whole microscope fits into 
a tube, see Fig. 3, which extends into the case of the electroscope and 
terminates in a small glass window. This arrangement is very conve- 
nient because it is possible by simply removing the microscope to 
lower the electroscope into deep water without any protection and 
without fear of a leak. The fibres are kept in the focal plane of the 
microscope by the strengthened field due to the bent aluminum 
wires, E, projecting from the supporting invar rods. A very thick 
soft rubber gasket separates the top of the electroscope from the sides, 
so that the fibres could easily be swung into the center of the field of 
view by tightening the proper screws in the top. 

The outside electrical connection to the fibres is made through the 
charging rod, F, which in the “on” position touches the brass cap to 
which the fibres are attached, and in the “‘off”’ position touches the 
case. This charging rod, as it passes through the case, is tapered at a 
very small angle to fit a greased ebonite bearing and is held tightly 
into contact by a strong spring. 

A feature of the electroscope is that it is possible entirely to eliminate 
insulation loss if the loss across the thin quartz bow be neglected, and 
this is permissible because of the negligibly small diameter of the bow 
compared with the upper insulator. The quartz insulator is held in 
a brass rod which passes through an ebonite plug to the outside of the 
electroscope. This brass rod was held at the mean potential of the 
fibres throughout the period of observation thereby making impossible 
any insulation loss to the case. The brass rod and the quartz insulator 
are shielded from the rest of the electroscope by the shield, G, which | 
is made in two parts, one of which may be rotated with respect to the 
other, leaving an opening to facilitate cleaning the insulator. The fact 
that the electroscope was designed with a view to accommodating lead 
screens accounts for the absence of projections from it and also for its 
small size. The volume was 1893 cc. The sensitivity varied in the 
different experiments from 1.4 to 2.1 volts per scale division. The 
capacity of the insulated system was found to be 1.32 cm. 


Ill. METHOD OF OBSERVATION 


Essentially what is done in making a measurement of the penetrat- 
ing radiation is to charge the electroscope to a known potential and 
note the drop in potential of the insulated fibres in a given interval 
of time. Then from these data and the known capacity of the fibres 
together with the volume, V, of enclosed air in the electroscope, and the 
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charge, e, on an electron, the rate of production of ions per unit volume 
can be calculated. Thus, the number of pairs of ions per cc per second 
which are formed is C;AP/3600Ve, where AP is the drop in potential of 
the fibres per hour. | 

However, the simple difference in the positions of the fibres as read 
on the scale is not an accurate measure of the potential drop of the 
fibres, especially after transportation of the electroscope from one place 
to another. Therefore, inasmuch as the electroscope was necessarily 
subjected to rather severe treatment, in order to destroy all doubt as 
to the meanings of the readings, the electroscope was calibrated before 
and after every period of observation, i.e., the electroscope deflections 
were always reduced to volis at once and in situ. This was easily and 
accurately accomplished by charging the electroscope to four known 
potentials in the region in which lay the reading to be interpreted. 
The four points thus obtained were plotted and a straight line was 
drawn through them. The four points almost always lay quite close 
to the line and it was never possible to make any large error. Such 
calibration at the time of reading is very essential to accurate results, for 
it was found that, while the sensitivity might not change appreciably, 
the whole calibration curve might from time to time move to the side, 
thereby changing the meaning in volts of a given deflection of the fibres. 
Also a slight change in focusing the microscope on the fibres of course 
changes the volt-value of the scale. These possibilities of error were 
completely eliminated by the method employed in these investigations. 

The diagram of connections is shown in Fig. 2. When the switch S$ 
is in position 1, the battery is connected to the charging rod and to the 
case; when it is in position 2, it is connected to the guard ring on the 
quartz insulation and to the case. The 40,000 ohms resistance, R, is 
inserted in the electroscope circuit to avoid destructive currents if the 
charging rod should accidentally be brought into contact with the case 
while the switch S is still in position 1. Because no current flows 
through the electroscope, this resistance does not interfere with the 
measurement of potential. 

The procedure in making an observation, then, is as follows: The 
charging rod is in the neutral position. The switch S is closed to 
position 1. The voltmeter switch is closed, a suitable potential is found 
on the battery, and the charging rod is connected to the fibres. The 
deflection of the fibres and the corresponding volts are then read as 
nearly simultaneously as possible. The charging rod is removed to 
neutral and a potential about 4 volts lower is found. The fibres are 
again charged and the deflection and volts are read. This is repeated 
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until four comparisons between deflection and volts have been obtained. 
The fibres are then charged to a potential lying in the midst of the four 
potentials previously applied, the charging rod is brought to neutral, 
the switch 5S is lifted to the neutral position, and the charging rod is 
turned so that it touches the case. The deflection and the time are 
then observed. This deflection is afterward interpreted in terms 
of volts and gives the potential at the beginning of the period of 
observation. The potential is now adjusted to equal the mean 
value of the potential of the fibres to be expected during the period 
of observation, the voltmeter switch is opened, and the switch S is 
closed to position 2, thereby putting this potential on the guard ring 
at the top of the quartz insulator and making impossible insulation 
loss. This potential need not be adjusted accurately, because the 
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Fig. 2 


insulation loss is probably negligibly small anyway. The guard ring 
was used only to make it impossible to criticize the results from the 
standpoint of insulation loss. At the end of the period of observation, 
the switch S is lifted to the neutral position, and the deflection of the 
fibres and the time are noted. The charging rod is turned to neutral 
and the process of calibration described above is gone through in order 
that the deflection just observed may be interpreted in volts. Suitable 
precautions were of course taken to insure saturation at all times and 
to permit the activity of the radium emanation to die out after changing 
the air in the electroscope. 


IV. MEASUREMENTS IN AIRPLANES AND BALLOONS 


Preliminary measurements made in captive balloons at Ross Field, 
near Pasadena, by one of us (Otis) yielded results in agreement with 
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those of other observers in that up to an altitude of 2000 meters the 
number of ions per cc per sec. was from 1 to 3 less than on the ground. 
No systematic change, however, was observed in this work at low 
altitudes. 

The mean results of a long series of airplane flights made by Otis 
in 1922 at Marsh Field (near Riverside) and in 1923 at Rockwell Field 
(near San Diego) are shown in Table 1. These flights reached heights 
of more than 5000 meters. The numbers given are taken from a smooth 
curve drawn so as to fit as well as possible 17 observed points. In three 


TABLE [| 
Airplane observations 
Altitude Excess over ground 
500 meters —2.1 ions/cc. sec. 
760 —2.7 
1200 —2.7 
1750 —1.9 
2500 —0.1 
3400 +2.4 
4200 +4 .6 
5200 +7.4 


instances these points depart from the curve by as much as 2.5 ions, out 
of a total discharge-rate, at the high altitudes where these points lie, of 
from 17 to 19 ions. The accuracy is limited by the shortness of the time, 
usually a half hour, during which a given altitude was maintained. 

In these airplane flights the electroscope was suspended in front of 
the observer’s seat by three pieces of ordinary laboratory rubber tubing, 
attached at their upper ends to the sides of the cockpit or to the gun- 
mount. The instrument was kept from swinging by another piece of 
tubing fastened at one end to a plug which screwed into the bottom 
of the electroscope and at the other end to the floor of the cockpit. 
The electroscope was thus made stable and free from the effect of 
vibration of the airplane motor. 

The method followed was to go to the highest altitude attainable 
in a reasonable time, maintain the airplane accurately at that altitude 
during the period over which ionization was to be measured, then drop 
down to the next altitude, etc. Because of the limit to the amount of 
gasoline that can be carried to those high altitudes and the long time 
required to reach them, it was never possible to make observations at 
more than three different altitudes on the same day. 

The results shown in Table I are in agreement with those of Millikan 
and Bowen! in that they show a markedly lower rate of leak at the 
highest altitudes reached than those reported by Hess and Kolhorster. 
However, as a whole these balloon and airplane measurements are in 
agreement with those of the European observers in showing that the 
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intensity of the penetrating radiation first decreases to a-minimum after 
which it increases continuously with altitude. 


V. INDEPENDENCE OF PENETRATING RADIATION UPON TIME OF DAY 


During three different summers, 1922, 1923, 1925, we have made 
long series of observations, not only at Pasadena but on Mt. Whitney 
and on Pikes Peak, to test the constancy of the ionization due to the 
penetrating rays. At Pasadena, where the average number of ions as 
measured by the foregoing unshielded electroscope is 11.6, the fluctua- 
tions may be as much as an ion, but no systematic variation whatever 
has been observed. On Pikes Peak, where the rate of discharge of the 
unshielded electroscope is nearly twice that at Pasadena no variation 
with time of day was found. 

Table II gives in the first two columns a series of readings, each lasting 
two hours, taken on top of Pikes Peak inside a shield of lead 4.8 cm 
thick at the sides, 11 cm at the top, and open at the bottom, and in 
the last two columns a continuous series of twenty similar observations 
taken with the unshielded electroscope at altitude 4130 m on the trail 
to Mt. Whitney. 


TABLE II 
Observations showing independence of penetrating radiation upon time of day. 
Pikes Peak (4300 m) Mt. Whitney Trail (4130 m) 
Shielded electroscope Open electroscope 
Meantime of Ions per Mean time of _ Ions per 

observation cm? observation cm? 
per sec. per sec 
9/22/23 2:43 P.M. 1225 9/16/22 8:50 P.M. 19.2 
Ace en 12.4 10:5858e 18.9 

7:06 * 1207 

9:26: “ 1277 9/17/22 1:05 A.M. 19.2 
3ei2 - 18.9 
9/23/23 11:31 A.M. 12.6 5:19 2 19.2 
1:38 P.M. t2a2 7-260 20.0 
4:05 - 12.8 9:31 by 20ei 
8:35 s 12.0 11:37 . 19.4 
10:45 . 12.0 1:43 P.M. 18.6 
3:50 ee 19.8 
9/24/23 1225/2 eA: 12.0 5:59 “ 19.2 
3:25 . 1222 8:03 LS 19.6 
yey 12.3 10:07 < 19.3 
Mean, 12.3 9/18/22 12:12 A.M. 19.4 
2:18 “ 19.8 
4:26 me 20.0 
6:33 % 20.4 
§:40> ae 19.9 
10:49 % 20.0 
12:54 PAL 21°98 
Mean, 19.6 


The results shown in this table are merely typical of a very considerable 
amount of data, all of which is consistent in showing that within the mits 
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of our experimental error there 1s no dependence of the penetrating radiation 
upon daylight or darkness, or upon the position of any of the heavenly 
bodies. Two recent observations taken in a geological basin at a time when 
the Milky Way was wholly beneath the horizon gave no indication of a rate 
of discharge lower than that found when the Milky Way was overhead. 


VI. DEPENDENCE OF PENETRATING RADIATION UPON ALTITUDE 


As already indicated, the mean value of the penetrating radiations as 
taken by the unshielded electroscope on the Institute campus is 11.6 
ions. At bench mark No. 15 of the U. S. Geological Survey on the 
Mt. Whitney Trail, altitude 4130 m it is 19.6. At bench mark No. 14, 
elevation 3660 m, the mean of two observations gave 17.3 ions. The 
last two observations were both taken on the granite rocks so that their 
difference, 2.3 ions, might be expected to represent a true altitude 
difference. Jt 1s quite close to the difference shown in Table I in the 
readings taken 1n airplanes between the same levels. Further, near bench 
mark No. 14 a shallow lake 1 m deep was found over which when the 
electroscope was floated on a raft the reading was 13.6, or 3.7 ions less 
than on the adjacent rocks. This difference is close to the mean of all 
the data heretofore collected on the change in electroscope reading in 
going from over land to over water. A collection of eight such differences 
taken by McLennan, McLeod, Kunsman, and Wulf is as follows: 3.3, 
5.1, 3.8, 2.2, 4.9, 3.2, 3.8, 4.5; mean 3.8. This mean is in close agreement 
with the value of 3.7 here found. When 3.7 is subtracted from any of 
the aforementioned mountain observations they come fairly close to the 
readings at corresponding heights shown in Table I. 

Although, then, the uncertainty due to variability in the activity 
of the adjacent rocks is great, the evidence of all the foregoing mountain 
and airplane work is that there is a definite variation with altitude alone 
and that mountain and airplane observations can be brought into approxt- 
mate agreement by suitable precautions for eliminating the activity of the 
adjacent rocks. 


VII. ABSORPTION EXPERIMENTS ON PIKES PEAK 


None of our experiments so far had given us any information about 
the actual hardness of the penetrating rays. To obtain this information 
we constructed a completely encircling shield of seven sheets of lead, 
each a little less than 7 mm thick, the total lead shield having a thick- 
ness of 4.8 cm. The sides of the shield were made of semicylinders 
removable separately so as to open the electroscope to radiations from 
opposite directions. The top and bottom shields were circular plates 
of the same sheet lead. 
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In order to support this 300 pounds of lead it was necessary to use a 
steel frame consisting of two vertical rods supporting two ring-shaped 
plates. On the bottom plate rested the electroscope and the sides of 
the shield, while the top plate held the top of the shield. The bottom 
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Fig. 3 


of the shield was placed on a steel strip and brought up to the bottom 
of the electroscope by nuts on the vertical rods. In Fig. 3 the electro- 
scope is shown on its stand with part of the lead sheathing in place. 


TABLE III 
Pike’s Peak observations—out-of=doors. 
Unshielded (mean of four one-hour runs) 23.2 ions per cm per sec. 
Shielded (4.8 cm of Pb.) (mean of four one-hour runs) 11.6 
Top only unshielded (mean of three one-hour runs) 12,3 
Bottom only unshielded (mean of four one-hour runs) 1332 


North side only unshielded (mean of four one-hourruns) 16.9 
South side only unshielded (mean of four one-hourruns) 16.7 
Both sides unshielded (mean of two one-hour runs) 20055 
On the tower (17 m high) of the building, unshielded, 

mean of two observations (17.1 and 17.5) 


TONMAOOIW +S 


The results of all the observations taken an Pikes Peak are condensed 
into Tables III and IV. In Table III measurements A to G were taken 
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out of doors on the rocks at the top of Pikes Peak. Measurement H 
was taken on the top of the skeleton steel tower above the inn. The 
measurements of Table IV were made inside the inn. The means of 
observations taken with the same apparatus in a tent on the campus 
of the Institute at Pasadena are given in Table V. 


TABLE IV 


Pikes Péak observations—indoors. 


Top and bottom Bottom unshielded 


Unshielded Shielded unshielded 16 layers on top 
A B i D 
(Before the storm) 
22°52 12.36 14.00 12.10 
12223 15.04 12.60 
12.00 14.42 12.20 
12563 14.54 12.80 
Means 22.51 12.30 14.50 12.43 
(After the storm) 
20.78 10.94 i Wiek ot 12035 
biti 12-70 i ida 
12.74 
12.92 
12d. 
Means 20.78 11.03 12276 12205 
TABLE V 
Pasadena observations 
A Unshielded 11.57 
B_ Shielded 9537 
C Top only unshielded 9.54 
D_ Bottom only unshielded 9.40 
E Topand bottom unshielded 9.54 
F Both sides unshielded 10.75 
G_ Sides shielded, bottom unshielded, 16 
layers of lead on top 9.28 


There is no evidence in Table III of any difference in intensity of 
the penetrating radiations coming from the north and from the south, 
for the difference between the ionizations when the north side was 
unshielded and when the south side was unshielded is well within the 
limits of experimental error. The data show also that most of the 
radiation entered the electroscope through the sides, as was to be 
expected. 

Another interesting result is that on Pikes Peak, the radiation out-of- 
doors was greater than that in-doors, while in Pasadena the radiation 
out-of-doors is a little over 1 ion per cc per sec. less than that in-doors 
in a concrete building. At Pasadena, then, the walls of the building 
add more radiation than they absorb from the outside, while on Pikes 
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Peak the reverse was true. This is doubtless because on Pikes Peak 
there is more outside radiation to absorb. 

The radiation found on Pikes Peak 1s in substantial agreement with the 
measurements made at corresponding heights both on Mount Whitney and 
in airplanes. Thus, if the amount of radiation from the ground be taken 
the same as on Mount Whitney (3.7), then, following the same method 
as was used above, the radiation which would have been observed at 
the altitude of Pikes Peak (4300 m) if the ground had not contributed 
anything is, from the mean of all the A measurements in Tables III 
and IV, 22.2—3.7 or 18.5 ions per cc per sec. The difference between — 
this and that observed at Pasadena, from A, Table V, is 18.5—11.6 
or 6.9 ions per cc per sec. On referring to Table I it will be seen that this 
value fits reasonably well with the airplane data. 

But it is obvious at once from Table III that there is a very much 
larger amount of soft radiation (of the hardness of gamma rays) on 
the mountain peaks than at Pasadena. Thus, while the difference 
between the shielded and the unshielded readings at Pasadena is but 
11.57 —9.37 or 2.20 ions, on the Peak outdoors it is 23.2—11.57 or 11.6% 
and when means are taken as above it is 22.2—11.57 or 10.6%. The rays 
producing these 11.63 (or 10.63) new ions found (unshielded) on Pikes 
Peak are necessarily soft rays since they are nearly all absorbed by the 
lead screen within which there are found all told but 2.23 more ions 
than at Pasadena. If these new rays found on Pikes Peak are assumed 
to be homogeneous, their absorption coefficient, a, computed from the 
relation J =I e-*?, comes out, since d, in meters of water, is 46 lies 
+100 =0.54, 

a =loge (11.63/2.23) +0.54=3.1 per meter of water. 


This indicates that these rays are but little harder than the gamma 
rays from RaC, which are taken by Kolh6rster,’ for example, as having 
a coefficient of 3.9 per meter of water, while for ThD a=3.3. In other 
words, a homogeneous radiation of about the hardness of the gamma rays 
from RaC or ThD would account for all the increase found inside and 
outside of lead screens in the Pikes Peak experiments. If the rays are 
not homogeneous, since, in any case 80% are absorbed tn the lead, the 
great majority of them cannot be appreciably harder than gamma rays, 
and these must be of local origin since gamma rays are all absorbed in 
500 meters or so of air. The change from about 22 ions to 17.3 ions in 
going from the inn to the fifty-foot tower above it indicates that some 
of the new rays found on the Peak are softer than gamma rays. 


2 Kolhérster, Sitz. Ber. d. Preuss. Akad. 34, 371 (1923). 
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The foregoing evidence for the local origin of the greater part of the 
increased radiation found at the Peak is strengthened by a consideration 
of the effect of the storm noted in Table IV. This was a heavy snow 
storm, in which perhaps a foot of snow fell. The storm began at about 
six o’clock one evening and lasted throughout the night. About ten 
o'clock P.M. we noticed the reduction in the readings, a reduction 
which persisted during the hours during which we kept observing con- 
tinuously after the storm. We had been observing day and night for 
two or three days before the storm, and had obtained a consistent series 
of readings throughout, so that the change surprised us greatly when 
itcame. Table IV shows that all the readings, shielded and unshielded, 
are smaller after the storm than before. These readings were all taken 
indoors where the temperature was kept essentially constant, and no 
instrumental causes of the change could be found. 

If these changes are due to the storm, i.e., to the blanketing of the 
earth with snow, they should be essentially the same in the column 
headed B as in that headed D. Taking, then, the mean of these two 
changes we obtain as the average shielded reading after the storm 11.5. 
The change under C, which is somewhat too large to be altogether 
consistent with the changes under A, B, and D, forces one to admit a 
somewhat larger observational or instrumental error of some sort than 
the general consistency of the readings otherwise indicates. Never- 
theless, the readings as they stand, taking 11.5 as the mean shielded 
reading after the storm, show a drop due to the storm of about 8 percent 
for the unshielded condition and 7 percent for the shielded condition. 
When further we subtract from both readings the 6 or 7 ions which, 
according to our measurements made under water, were due to the 
radioactivity of the walls of the vessel and hence had nothing to do with 
external radiations at all, we see that the rays which get through the 
lead screen are cut down by the storm by quite as large a percent 
(apparently a slightly larger one) as the rays found in the unshielded 
electroscope. Such a result, if correct, obviously requires the rays to be 
entirely of local origin. 

Both lines of evidence presented above point, then, to the conclusion 
that there is on mountain peaks a copious radiation of local origin and 
of a hardness not greater than that of the gamma rays of radium or 
thorium, but they reveal thus far no penetrating radiation of cosmic 
origin. If such a radiation exists at all it can at the most produce but 
a small part of the ionization observed in electroscopes on mountain 


peaks. 
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Kolhérster? in 1923 assumed such a radiation which produced 2 ions 
per cc per sec. at sea level, and had an absorption coefficient a in water 
of 0.25 per meter. Such a radiation would produce at Pikes Peak, where 


the average barometer reading is 17.5 inches, an ionization Ip given by 


© 


Therefore, 
b= 2X 293309 

and of these 5.9 ions 5.15 would have been found inside our lead screen 
4.8 cm thick. Similarly of the 2 ions assumed at sea level to be due to 
the cosmic rays 1.75 would be found inside the lead screen. That is, 
radiation of the assumed characteristics would have caused by itself 
‘nside our lead screen an increase-of@S)lo— hyo jae in taking the 
screened electroscope to the top of Pikes Peak even if none of the large 
‘ncrease in radiation shown by the unshielded observations on the Peak 
got through the lead—a supposition well nigh certain to be contrary 
to fact, for gamma rays from ThD would pass through this lead to the 
extent of about one sixth of the value outside. 

The observed increase inside the lead screen and outdoors on the 
peak was, however, but 2.23 ions, that indoors after the storm but 2.13 
and that indoors before the storm 2.9, a mean of 2.4 in place of the 
required minimum value of 3.4. In other words, penetrating cosmic 
rays of such characteristics as were assumed above cannot exist, since 
these rays alone, without the aid of any local radiation such as almost 
certainly exists, would produce on Pikes Peak a 40 percent greater 
‘ncrease in ionization inside the lead shield than we found. The net 
result of the Pikes Peak work 1s, then, to establish quite definitely (1) the 
existence of a considerable increase in Soft radiation in ascending from 
Pasadena to the Peak; (2) the non-existence of a radiation of cosmic origin 
of such constants as are supposed above. 

If cosmic rays exist at all they must be less intense at the surface than 
above assumed, or else they must be more penetrating than any one had as 
yet suggested. 


NorMAN BrIDGE LABORATORY OF PHYSICS, 
CALIFORNIA INSTITUTE OF TECHNOLOGY, 
March 1, 1926. 


3 Kolhérster, Sitz. Ber. D. Preuss. Akad. 34, 366 (1923). 
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VARIATION WITH PRESSURE OF THE RESIDUAL 
IONIZATION IN GASES 


* By WM. W. MERRYMON 


| ABSTRACT 

The residual ionization in aged, dry, and dust free air, H2, He, A, Oo, No, 
COs, CHyand C2H, has been measured at pressures from 0 to 180 cm Hg. In 
order to reduce radio active contamination,a glass globe with a sputtered silver 
coating was used as the ionization chamber. An electrometer and compensation 
devices eliminated the effect of fluctuations in the battery and provided a null 
method that kept the guard ring at the same potential as the collecting system, 
thus eliminating leakage. The ionization curves show a more rapid rise in the 
lower pressures which ceases at from 15 to 65 cm Hg, when the alpha-rays caus- 
ing it are absorbed. Above this the curves are straight lines. From these 
portions the increase in ions formed per cc per sec. per atm. has been deter- 
mined. It is least in the case of hydrogen (2.033), and largest in the case of 
argon (18.59). This rate divided by the number of electrons in the molecule is 
approximately constant (0.855). The rather good agreement with Kleeman’s 
beta-ray results might be regarded as an indication that the principal agency 
operative was of a beta-ray character. 


INTRODUCTION 


HE discovery about twenty-five years ago of the spontaneous 
formation of about 8 or 9 ions per cc per second continuously in air 
inclosed in sealed containers, called the residual or natural ioniza- 
tion, led to much work of investigation as to its properties—the effects 
of the kind of metal in the ionization chamber,! of the temperature,’ 
as well as the change observed upon shielding by metals, water, etc.’ 
These experiments showed conclusively that the observed effect at the 
surface of the earth was a composite one in which rays from radioactive 
substances in the ground, atmosphere, the building, and above all, 
radioactive.contamination in the chamber itself, played a large part. 
McLennan and Murray* reduced the number of ions formed to only 
2.6 per cc per sec. by using an ionization chamber made of ice on 
Lake Ontario when frozen over. Certain observations by Hess and 
Kolhérster in Europe and confirmed by Millikan and Bowen in 
America,® show an increasing rate of ion formation at high altitudes. 
1 McLennan, Phil. Mag. 14, 760 and 779 (1907); Phys. Rev. 26, 526 (1908). 
2 Patterson, Phil. Mag. 6, 231 (1903); Kingdon, Phil. Mag. 32, 400 (1916). 
3 McLennan and Burton, Phil. Mag. 5, 699 (1903); 
Burton, Phys. Rev. 18, 188 (1904); 
Wright, Phil. Mag. 17, 295 (1909). 
4 McLennan and Murray, Phil. Mag. 30, 428 (1915). 


5 Wigand, Phys. Zeits. 18, 445-463 (Sept. 15, 1924); Millikan and Bowen, Phys. Rev. 
21; 359. (1926). 
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This suggests a cosmical origin for a radiation of a penetrating power 
some seven times as great as any known radioactive rays. Swann® and 
others have considered theoretically the origin of a very penetrating 
radiation such as this supposed cosmical one, and he has also discussed 
the several results to be expected from such a primary ionizing source. 

Most of the work done has been on air and at atmospheric pressure, 
although since the beginning of interest in the subject some observations 
have been made upon other gases,’ principally hydrogen, carbon 
dioxide, and acetylene. Early observations showed that the rate of ion 
formation increased with the pressure, approximately proportional to it 
above atmospheric pressure. Recently Downey® and Fruth® have 
carried observations up to 75 atmospheres, and have found air, oxygen, 
and carbon dioxide to reach a constant value of ionization at about 
50 atmospheres. Nitrogen, however, did not show this phenomenon 
although samples made by radically different methods were tried. 

The purpose in the present work was to obtain a series of observations 
of the variation of the residual ionization with pressure in as many gases 
of an elementary kind as possible and under identical conditions. It was 
decided to try the use of an ionization chamber of glass with silver 
coating sputtered inside. By this means it was hoped to reduce the 
radio active contamination in the chamber, which is considerable in 
even the best metal vessels, and has been responsible for the distorted or 
discordant results of numerous observers. The nature of the chamber as 
constructed, particularly the stopper, limited the range of pressures 
from 0 to 180 cm of Hg. 


DESCRIPTION OF APPARATUS 


The general form and arrangement of the apparatus was suggested by 
Professor Swann, and is shown in Fig. 1. The parts C and D were used 
only in the auxiliary determination of the capacity-influence coefficient 
required for the computation. The switch K, and the arrows from (5) 
in C to (1) indicate where the connection was made for these observa- 
tions. During the taking of the regular data the small hole in the right- 
hand side of (3) was closed and the collecting system (1) was then 
entirely insulated and shielded. The ionization chamber G was a 5 


® Swann, Phil. Mag. 47, 306 (1924); Bull. Nat. Research Coun. No. 17, p. 66 (Mar., 
1922). 
7 Jaffe, Phil. Mag. 8, 556 (1904); Ann. der Physik (2) 28, 326 (1909); 
Wilson, Phil. Mag. 17, 216 and 321 (1909); 
McLennan and Trealeaven, Phil. Mag. 30, 415 (1915). 
8 Downey, Phys. Rev. 16, 420 (1920); 20, 186 (1922). ; 
® Fruth, Phys. Rev. 22, 109 (1923); Broxon, Phys. Rev. 27, 542 (1926). 
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liter, Pyrex, balloon flask with the neck cut off and ground down to the 
proportions shown. An auxiliary apparatus was used for sputtering the 
inside of the globe. The coating was quite uniform and of about 1/3 
opacity over the globe, increasing to an opaque coat in the neck where 
electrical contact with the stopper had to be established. The central 
electrode or collecting rod in the globe was of glass and had also been 
sputtered with silver. It was attached by a brass rod inside it and a 
collar, to the stemrod which passed out through the stopper. Contact 
between the silver coatings of globe and rod, with the brass stopper 
and stem, respectively, were made with pieces of tinfoil. The arrange- 
ment of the guard ring in the stopper and of the gas inlet tube (/) 
were as shown. 


Fig. 1. Diagram of apparatus. 


The upper end of the stem of the collecting rod was enlarged into a 
cylinder that fitted the cap (3) closely. This provided the auxiliary 
capacity for the compensation scheme suggested by Swann” for such 
observations. The disk in the top of (3) could be screwed down to 
adjust this capacity, and the point Vo on the high resistance in A was 
varied until V3;C3=V2C2. The various capacities then compensate in 
their action and there is no inductive deflection of the needle due to 
fluctuations of the battery in A. The balance was subsequently main- 
tained throughout the work by moving Vp slightly, as required, so 


10 Swann, Phys. Rev. 17, 240 (1921). 
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that the electrometer needle would defiect only a few millimeters upon 
throwing on or off the battery in A. The cap (3) was held by a hard- 
rubber collar (not shown) that fitted on the outside of the guard ring. 

The high resistance in A was made by winding IAIA No. 40 wire 
on paper-wrapped sections of brass tubing %@ by 9 inches long 
(1X23 cm). The total resistance of the 104 tubes used was 101,000 
ohms. The resistance B was a cranking resistance of about 28 ohms 
used with a dry cell. The battery on the needle was a 100-volt silver- 
chloride set, as described by Erikson.1! The battery in A was a 220- 
volt set of dry cells. Throughout the observations the point Vo was 
such that Vo was 178 volts, and V3 was about 42 volts. 

The electrometer was an ordinary Dolezalek instrument at a sensi- 
tivity of 1,000 mm per volt on a scale 130 cm distant. The whole of the 
apparatus was mounted on a large brick pier and, except for the part 
A, it was completely insulated from the pier by various plugs of sulfur 
to eliminate leakage between the parts. The insulating material in the 
stopper of the globe was of hard-rubber. | 


METHOD OF MAKING MEASUREMENTS 


Usually the positive terminal of A was attached to the globe, and the 
collection of charge by the central system would raise its potential 
with respect to the other quadrant and case. By cranking B the po- 
tential of the case was raised AV, volts and so kept up to that of the 
collecting system, thus providing a null method. It is to be noted that 
by this method the potential of the collecting system and guard ring in 
the stopper were always the same, and hence leakage between them was 
practically eliminated. 

Having brought the system to balance by suitable adjustment of the | 
point of contact Vo, the taking of observations consisted in raising key 
K,, bringing the spot of light to the zero point by cranking B, taking 
the starting time and initial reading Vs. As the charge collected the spot 
was held on the zero position by cranking B, and every few minutes a 
reading of the time and voltage on Vs was made. The readings were 
continued in this way usually from 20 minutes to an hour, depending 
on the gas and pressure. During this interval a number of readings of 
time and V4 would be made and the separate rates of leakage calculated. 
The accuracy attained was such that the series of results usually agreed 
among themselves to within a few hundredths of an ion per cc per sec. 

Throughout the making of an observation, 

Vi=Va= VotAVa. 


11 Erikson, J.O.S.A. and R.S.I. 8, 549 (Apr., 1924). 
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At the start 
Qi =¢11 Vo +€21( Vot Vo) +031( Vo + Vs) +041 Vo. 
At the close 
Qi tAQi=Ci1(VotA Va) +621( Vot Vo) +631(Vot+ Vs) +e41(Vo tAVs). 
Hence, 
AQ, = (Cuitca)A V4. 
Let ‘¢ represent the number of pairs of ions formed per cc per second, 
Since 
dQ/dt=const.dV/dt = (cy. +¢4a)AVs4/t, 
then 
qgXGX4.774(10)-!9 = (¢11 +641) (A Va/t) X (1/300). 
where G is the volume of the globe (5350 cc) and ¢ the time in seconds 
since the start. As indicated below, the capacity-influence coefficient 
(€11- +41) = 27.97 e.s.u. 
Therefore, 
g =3.65(104) X volts cranked in per second. 

The gases were introduced very slowly into the globe, usually up to 
the limit of pressure, and observations were made. Then the pressure 
was reduced a few centimeters and another observation was made; and 
so on for the series. 


SUBSIDIARY MEASUREMENTS 


It is very necessary in these observations to make sure that satura- 
tion voltages are used, and therefore preliminary observations were 
carried out which showed that a battery of 220 volts, which was used 
throughout the work, gave complete saturation. Trials were made with 
both the positive and negative end of the battery in A connected to the 
globe, and it was found that there was a constant slight difference 
between the two sets of results, the direction dependent upon the sign 
of the potential on the needle. This was due to the quadrant of the 
electrometer acting as an ionization chamber so that when the needle 
was positive and the positive terminal of A was on the coating of the 
globe, the resulting ionization observed was about 0.7 ion larger than 
when the negative terminal was attached to the coating. This was true 
throughout the range of pressures. The needle was kept positive 
throughout the observations here reported, and the coating was positive. 

The cap (3) also acts as an ionization chamber and drives to the 
collecting system ions of sign opposite to those being collected in the 
globe. This together with that from the electrometer quadrants is 
practically constant throughout any one set of readings, depending, of 
course, upon the atmospheric conditions. Of these two, the effect due 
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to the cap is the larger and the two together constituted an extraneous 
current which opposed the charge being collected in the ionization 
chamber. At low pressures this becomes predominant. It is equal to 
the value of the ionization observed at zero pressure. | 

To test for this extraneous current, an observation would occasion- 
ally be made with the wire from 7 to the globe disconnected, and a wire 
from the negative terminal m joined to the coating. The extraneous 
current is one-half the sum of the current obtained by this connection 
and that as normally observed. Repeated observations throughout the 
range of pressures gave a constant result which agreed very closely with 
the current observed at zero pressure. Therefore, for determining the 
absolute values one seems warranted in supposing the curves raised 
until they terminate at zero ions with zero pressure. They have, how- 
ever, been plotted just as observed, according to deflections to right 
or to left. The pressures are in centimeters of Hg and the ordinates 
show the number of pairs of ions formed per cc per second. 

For the determination of the capacity-influence coefficient (¢11+€41) 
the parts C and D of the apparatus were used. The condenser C was a 
Gerdien variable standard made by Gunther and Taegetmeyer and 
provided with calibration curves for both induction and capacity 
coefficients. When the shield (8) was connected to the electrometer 
case for observations, the influence coefficient css was involved. This 
was read from the calibration curve of the instrument for the particular 
setting used. With the shield connected to the outer coating (6) the 
capacity coefficient cs; was employed, and this was likewise scaled off 
from the other calibration curve. Both methods of connection were 
used for several settings of the instrument. The results agreed very 
closely throughout the range of pressures. The observation was made by 
raising Ky, then quickly introducing a fraction of a volt AV. and com- 
pensating the resulting deflection of the electrometer by cranking B. 
This method eliminated the effect of contact potential and hence the 
results were not influenced by the direction of the battery in D. The 
ratio of AV, to AVsXces(or C55 for the second method) gave (¢11+€a1). 
The average value was 27.97 e.s.u. 


RESULTS 


The results of the observations are shown in Figs. 2, 3, 4, and 5. 
The gases used were from pressure tanks which had stood for at least one 
month so that the emanation content should have decayed to a neg- 
ligible value. The gases were introduced into the evacuated globe 
through a long P20; drying tube and a similar tube filled with absor- | 
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Fig. 2. Variation with pressure of the residual ionization in argon, carbon dioxide 
and old air. 
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Fig. 3. Variation with pressure of the residual ionization in helium and hydrogen. 
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bent cotton to remove dust. With these precautions subsequent 
observations were found to agree to within the error of observation, 
about 0.2 ion per cc per second. In some cases the gases were left in the 
apparatus for weeks to see if they would show any decrease in activity, 
but none was found. Neither was there any increase in activity follow- 
ing their introduction. The observations could be stopped at any point 
and subsequently taken up and carried on again. The curves could be 
repeated, and many of them were taken two or three times. 

The argon of Fig. 2 was held in the tank several months before use. 
The carbon dioxide was from the usual pressure tanks, and was known 
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Fig. 4. Variation with pressure of the residual ionization in oxygen and nitrogen. 


to be at least six months old. The old air was from a pressure tank that 
had been filled with dry, dust-free air five months previous to its use. 
The helium and hydrogen of Fig. 3 were from tanks that had been on 
hand for many months; the same is true for the oxygen and nitrogen of 
Fig. 4. As a check experiment, the helium and hydrogen were run 
through charcoal and spiral tubes immersed in liquid air, but no change 
in the results as compared with the former ones was found. The 
ethylene shown in Fig. 5 was known to be several months old, and the 
methane was at least six weeks old. The air from liquid air was obtained 
by placing some fresh liquid air in a Pyrex stoppered tube with side 
neck to lead off the evaporating air. The lower part of the tube was put 
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down into a flask of liquid air. As some of the air evaporated, it was led 
into the globe through the drying tubes. The results fulfilled the hope 
that air could be gotten at once that would behave like well aged air, 
as far as emanation is concerned, for any present should remain behind 
in the liquid state. ae 
The numerical values of the results are given in Table 1. As above, 
g represents the number of pairs of ions formed per cc per second, and in 
column 2 the increase in g per atmosphere increase in pressure is given. In 
column 3 the value of g at atmospheric pressure is tabulated, and to 
facilitate comparisons this is given in column 4 on the basis of that for 
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B 16 
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Fig. 5. Variation with pressure of the residual ionization in ethylene, methan and 
air from liquid air. 


air=100. Columns 4 to 8 incl. are for relative ionization at atmospheric 
pressure. Column 5 contains data from an early paper by C. T. R. 
Wilson’ for the residual ionization in different gases. The data of 
column 6 for the natural ionization observed in the laboratory, and of 
column 7 for the ionization produced by alpha-rays are from a paper by 
McLennan and Trealeaven.? Column 8 contains data from a paper by 
Kleeman® for the relative ionization produced by beta-rays in different 
gases, and in this the values for nitrogen, methane, and ethylene were 


22 Wilson, Proc. Roy. Soc. 69, 280 (1901). 
18 Kleeman, Proc. Roy. Soc. A. 79, 231 (1907). 
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computed from the atomic ionizations as given in his table. This is in 
substantial agreement with similar data in a paper by R.°} Ri teateess 
well as in the above paper by McLennan and Trealeaven, although the 
data given for alpha-rays by the former authors differ rather pro- 
nouncedly from that of McLennan and Trealeaven, which was written 
a number of years later and has therefore been selected. 


TABLE I 


ee a SS 


Relative ionizations, air= (100) 


q for Mc L. Beta- 

gat air = and Alphas rays, dq/atm 

Gas dgq/atm 76cm 100 Wilson _ Treal. rays Kleeman electrons 
H: 2.033 5.0 41.0 18.4 2ee0 56.0 16.5 1.016 
He 2215 ihe I6.2° ie. Dm ee 1.108 
CH, 8.68 1255 102 5 nn ee a ee ae re 118.0 868 
N: 10.00 12.0 08.3. Veecdis te: ea 95.0 .714 
C:H. 14.70 20.2 165.52 eh aoe 139. fo iiss 164.0 .919 
Air 9.88 iZeZ 100.0 100.0 100.0 100.0 100.0 ise 
O: 10.95 14.2 116 (4... ee ee 140 .685 
A 18.59 22.8 187.00 40. ee ‘, 1.033 
CO: 14°22 19.6 160.6 169.0 114.3 80.4 160. .647 
Mean =0.855 


ee ————————————————————_—___ EEE 


DISCUSSION OF RESULTS 


Effects from radioactive contamination in the walls and floors of a 
laboratory building can scarcely be avoided altogether, but it was 
believed that any such effects in these observations would be constant 
within the range of pressures used, and subsequent observations indi- 
cated that they were, at least within the error of observation. The effect 
of a trace of radioactive contamination within the ionization chamber 
itself would most probably be largely due to alpha-rays, but possibly 
also to beta-rays. The alpha-rays would be absorbed at less than one 
atmosphere in a chamber of the size used. The effect would therefore be 
to produce a current increasing proportionately with the pressure above 
vacuum until the rays completed their paths in the inclosed gas, and 
thereafter, a constant additive factor. The increased curvature in the 
lower parts of the curves is attributed to this cause, as has been done by 
G. Jaffe’ in the case of his curves, and also by Downey.* The slope of the 
curves has been determined from their upper straight portions. 

From a consideration of the curves it appears that in the case of each 
of the gases under residual ionization the increase per atmosphere of ion 
formation is characteristic of the gas in question, and is constant up to 


44 Strutt, Proc. Roy. Soc. A. 72, 209 (1903); 
Marx, Handbuch der Radiologie, Vol. I, p. 37; Vol. II, p. 40. 
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the limit of pressures employed. The attempts of some investigators” 
to relate this phenomenon to the density of the gases were not successful. 
That there is a close connection between the ionization in different gases 
and their electronic configuration has suggested itself. Found and 
Dushman” from their studies with the ionization gauge have felt that 
their observations indicated a quantitative relation between the ioniza- 
tion in different gases under electronic bombardment and the number of 
electrons in the molecule, or “molar number.’’ There is entered in 
column 9 the increase in the residual ionization per atmosphere divided 
by the number of electrons in the molecule, assuming 14 for air. The 
results, although by no means of close uniformity, are at least suggestive. 
Hydrogen, the noble gases, and the heaviest one, carbon dioxide, depart 
the farthest from the mean, the former being 20 to 30 percent high and 
the latter 24 percent low. . 

Found and Dushman observed their results with hydrogen and 
helium to be higher than would be expected on such a basis, but their 
results for argon and carbon dioxide are not abnormal. Kossel!® also 
found that the secondary ray production in hydrogen by electrons of 
1000 volts was abnormally large, and that hydrogen retained this 
peculiarity when in combination. The data in column 9 likewise show 
methane and ethylene to be above the mean, but the differences suggest 
that the chemical bonding may also be a factor. Although the energy 
necessary to knock an electron from various atoms and from different 
parts of the same atom varies greatly, yet as a modifying condition may 
be mentioned Bohr’s conception, “of the penetration, in the case of the 
less simple atoms, of electrons of highly elliptical orbits into the region 
inside the shells of lower quantum number, giving these penetrating 
electron orbits in some cases a smaller mean potential energy and 
therefore a higher stability, than some of the orbits corresponding to 
smaller quantum numbers.” zi 

If the ionization produced by the earth’s penetrating radiation is to 
be compared to electronic ionization, it seems probable that it should be 
with that of high speed electrons. It may be of interest, nevertheless, 
to note that Hughes and Klein,!” Jesse,!8 and Compton and Van 
Voorhis!9 using electrons of low velocity for producing ionization, do not 


1 Dushman, ‘‘High Vacua,”’ p. 121; 
Found and Dushman, Phys. Rev. 23, 734 (1924). 
16 Kossel, Ann. d. Physik 37, 393 (1912). 
17 Hughes and Klein, Phys. Rev. 23, 450 (1924). 
18 Jesse, Phys. Rev. 26, 208 (1925). 
19 Compton and Van Voorhis, Phys. Rev. 26, 452 (1925). 
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find their results to support Dushman’s suggestion as a quantitative 
relation. In Jesse’s results He, A, CO, and Nz would be practically 
together on the basis of the number of electrons in their molecules, but 
Ne was about 60 percent below and CH, and Hz: about 45 percent and 
90 percent respectively above the mean of the first four. However, as 
suggested by Compton and Van Voorhis, it may be that the Dushman 
relation is more accurate at higher voltages—as might be expected on 
theoretical grounds and as is indicated by the work of Kossel, who made 
the same suggestion on the basis of his measurements at 1000 volts. 
McCallum and Focken?? found that the increased ionization with 
higher voltages is much larger in neon than in the diatomic gases, 
hydrogen and nitrogen. The effect of higher accelerating potentials in 
increasing the ionization in neon relative to the others is also evident in 
Jesse’s data. 

Downey? and Fruth® found that the variation in the natural ioniza- 
tion of gases with pressure obeys a linear law up to more than 20 
atmospheres, and they give the increase in ionization for air as from 
1.23 to 1.58 ions per cc per sec. per atmosphere increase in pressure. 
The increase per atmosphere for air as observed here is much larger 
than they report. This might be explained as due to a beta-radiation 
within the chamber, or gamma-rays from the walls of the room. How- 
ever, it is about the same proportion of the value at one atmosphere as 
was observed by McLennan and Burton.’ Judging by Fruth’s curves 
for O2 and prepared Ng, his increase for Oz is about 1/10 greater than 
that for Nz, which proportion agrees with the data in column 3 of the 
table. The value of g obtained for air at atmospheric pressure is about 
the same as Downey and Fruth observed, and lies between those for 
O, and Nz. McLennan and Murray! observed 7.6 ions with the best 
zinc chamber in buildings entirely free from contamination. The same 
chamber gave only 4.65 ions per cc per sec. on the ice over Lake Ontario. 
This indicates the degree of influence to be expected even in selected 
buildings. 

The experimental curves agree in general with those of C. T. R. 
Wilson” for the spontaneous ionization in several gases. His vessel was 
smaller, and his curves do not all extend even to atmospheric pressure. 
He also noted the decrease in slope of his curves at pressures approach- 
ing one atmosphere, but regarded the significant part of his curves as 
that below this point. 

The fact that the data of column 6 is uniformally lower than that of 
column 4 would suggest that the location in which McLennan and 


20 McCallum and Focken, Phil. Mag. 49, 1318 (1925). 
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Trealeaven made their observations had greater freedom from radio- 
active contamination. It is also true that in the case of both H, and He 
the presence of small amounts of other gases affect the ionization to a 
relatively greater extent. This might account for the apparently high 
value for. H, in column 4. 

The ionization for beta-rays and gamma-rays is about the same for 
the lighter gases, but for the heavier gases the gamma-ray ionization 
becomes much larger than that for beta-rays, because of secondary 
radiation of the beta and gamma type from the walls of the vessel and 
from the gas. Jonization with alpha-rays, as indicated in column 7 is 
quite different from the others; the ionization in H» is much greater, and 
in COs, C2H, and N.O considerably less, than that for the natural 
ionization or for beta-ray ionization. The somewhat better agreement 
between columns 4 and 8 might be taken as an indication that the 
residual ionization as observed is due chiefly to the effects of a radiation 
of a beta-ray character. It might be objected that comparisons with 
beta-rays should be made not of g but rather dg, since g involves alpha- 
rays. However, the beta-ray data quoted did not give values of dg, and 
furthermore, it seems probable that they also involved alpha-ray con- 
tamination to at least as great an extent as in the case of these observa- 
tions. 

The use of a glass vessel with sputtered coating (aside from the limi- 
tation it may place upon pressure) appears to be an advantage, and it 
would be of interest to employ vessels of different coatings particularly 
ones more resistent to active gases. It would be desirable for the vessel 
to be larger than this one and capable of standing several atmospheres 
pressure. 

In conclusion the writer wishes to acknowledge his indebtedness to 
the members of the Ryerson Faculty, particularly to Professor W. F. G. 
Swann who initiated the work and method, and to Professor A. J. Demp- 
ster for his suggestions and the direction of the research during the last 
year. The observations here reported were made prior to June, 1925. 

RYERSON PHyYsICAL LABORATORY, 


UNIVERSITY OF CHICAGO, 
December 30, 1925. 
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NOTE.ON THE DECAY OF KARE 
By L. F. Curtiss f 


ABSTRACT 


The decay of the activity of a preparation of RaE shown to be quite free 
from RaD has been observed over a period of 45 days. The half period, deter- 
mined by the method of least squares, for this sample was 5.07 days. This 
value agrees with measurements by Antonoff, Meitner, and Bastings, but it is 
in disagreement with the value of 4.85 days determined by Thaller and recently 
observed by Fournier. It appears that the value given by Thaller, and pre- 
viously accepted, cannot be correct. 


INCE 1912 the value 4.85 days has been accepted for the half period 

of RaE, based on measurements by Thaller.! Recently Bastings? re- 
determined the half period and found a value considerably higher. The 
mean of measurements on several sources gave 4.98 days. The latter 
determination however has been questioned by Fournier,* who observed 
the activity of three different sources and concluded that the value 
given by Thaller is correct. Obviously it is desirable to know the rate 
of decay of RaE with greater certainty than this disagreement permits. 

In order to investigate ‘this question, I have prepared a source of 
RaE and have observed its activity over a period of several weeks. Of 
course it is important to obtain a source as free as possible from RaD, 
the parent product. The RaE was obtained electrolytically on a plati- 
num electrode from a RaE solution prepared from old radon tubes. + 
Conditions were adjusted so that the RaE should go to the cathode. 
The deposit was tested for RaD by exposing in a beta-ray spectrograph 
with the field properly adjusted to throw the RaDspectrum on the plate. 
A twelve hour exposure gave a very faint trace of the strong RaD 
line whereas an exposure of about three hours with the anode from the 
above electrolysis gave the complete spectrum. The deposit was then 
dissolved from the cathode by dilute HCl and the RaE obtained by 
rotating a nickel disk for about thirty minutes in this solution. Since 
little RaD was present in this solution we might expect the nickel 
disk to be fairly free from it. Measurements of the residual activity of 
the source after fifty days proved this to be the case, as is indicated in 

* Published by permission of the Director of the Bureau of Standards, Department 
of Commerce. 

+ National Research Fellow. 

1 R. Thaller, Wien Ber., 121, 1611 (1912). 

? L. Bastings, Phil. Mag. 48, 1075 (1924). 

§ G. Fournier, Comptes Rendus 181, 502 (1925). 

+ I wish to thank Dr. Lind of the Fixed Nitrogen Laboratory for supplying this 
material. 
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the table. The nickel disk was mounted 15 cm below the face of a 
beta-ray electroscope as shown in Fig. 1 at S. It was left in position 
throughout the observations. A shutter B of lead 3 mm thick could be 
introduced in order to determine the natural leak from time to time. 
The foil F, in the lower face of the electroscope, was of aluminum 0.060 
mm in thickness. Careful observations of temperature and of barome- 
tric pressure made it possible to reduce all readings to standard condi- 
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Fig. 1. Beta-ray electroscope. 


tions. Table 1 gives the readings obtained, corrected for natural leak, 
temperature and pressure. It will be seen that at the end of 45 days the 
activity had become practically zero, indicating that very little RaD 


is present. 
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TABLE [ 
Decay of activity of RaE 
Hours iy Loge I 
22623 Tua 3.000 
139.8 19.0 2.939 
165.5 ji eees 2.803 
187.0 14.8 2.694 
213-6 12.4 Akai’ Wi 
244 .0 10.4 OY SAt 


© 6s ee 6 


I Loge I 
9.4 2 244 
8.1 2.092 
6.5 3/2 
6.0 Mee kt 
ORO Te oP vas 


ove ee 


The results are shown graphically in Fig. 2 where the logarithm of the 
observed activity has been plotted against the time. 


The slope has 
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been determined by the method of least squares. This calculation gives 
a half period of 5.07 days. The values obtained by Bastings for different 
sources were as follows: 5.04, 4.96, 5.02, 5.02, 4.98, 4.97, 4.96. It is 
evident that my observation agrees fairly well with his measurements 
and cannot be reconciled with Thaller’s determination, or with that by 
Fournier. It may be well to recall that for various preparations Thaller 
obtained half periods ranging from 4.6 to 5.0 days and that presumably 
the accuracy of his measurements was not very high. The value 5.0 days 
has also been observed by Antonoff* as well as Dy Meitner.*) s)he 
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Fig. 2. Curve showing variation of the logarithm of the activity with the time. 


evidence thus far seems to favor a half period much nearer five days 
than that heretofore accepted. The value given by Bastings may rather 
be too low than, as Fournier states, too high. 

Of course the writer is aware that the value reported here may well 
be too high. However it is difficult to see how, in view of the precautions 
taken and the consistency of the observations, it can be in error by more 
than 1 percent. Even granting that the error may be as great as this, 
there is still no possibility of agreement with Thaller’s value. Further 
work is in progress. 


BUREAU OF STANDARDS, 
WASHINGTON, D. C. 
February 15, 1926. 


* Antonoff, Phil. Mag. 19, 825 (1910). 
5 L. Meitner, Phys. Zeits. 12, 1094 (1911). 
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ieee) OF THEAMODIFIED TO\THE TOTAL 
pi. | HRINGYCORPRIGCIENT OF X-RAYS 


By O. K. DE For 


ABSTRACT 


Use has been made of the fact that the modified portion of scattered x-rays 
has not only a greater wave-length but also a greater absorption coefficient than 
the primary x-rays in order to separate the modified and unmodified portions of 
a scattered x-ray beam. The method involves the change in the intensity of 
scattered x-rays when a given thickness of aluminum is transferred from the 
primary to the scattered beam. Using a balance method, measurements of 
the ratio of the modified to the total scattering coefficient have been made for 
x-rays of wave-lengths 0.27A to 0.58A scattered from carbon, aluminum and 
copper at angles varying from 60° to 130°. Comparison with theory. Jauncey’s 
theory predicts that the ratio should become unity when vers ¢ =242\¢2/Ag (As 
and A being measured in Angstroms). Forcarbon at 60° and 90° the experimental 
ratio becomes unity at wave-lengths of 0.32A and 0.46A respectively: The 
theory gives 0.31A and 0.44A respectively. A calculation of the modified 
scattering coefficient for copper at 90° for \=0.4A gives 0.7159 (where so is 
the Thomson coefficient at 90°), while the theory gives 0.7459. Thus as far as 
they go the experiments are in agreement with the theory. 


1. INTRODUCTION 


H. COMPTON! has shown theoretically that x-rays scattered at 
*an angle should be changed in wave-length by an amount given 


by the formula 
hg—Ao=h/mce vers ¢ = .024 vers d (1) 


This value is derived on the ssumption that the electrons which do the 
scattering are free and at rest. Experiments by Compton,? Ross,’ and 
others confirm this result but show also unmodified scattering which 
the theory does not predict. The existence of the unmodified line 
necessitates the definition of two scattering coefficients, one for the 
modified and the other for the unmodified portion. Previous deter- 
minations of the scattering coefficients give approximately the sum 
of these two coefficients. Throughout this article we shall denote 
by o; and ga» the spherical linear scattering coefficient for the unmodi- 
fied and modified x-rays respectively; while s; and sz will be used to 
denote the linear scattering coefficient per unit solid angle in the 
direction @ with respect to the forward direction of the primary rays 
1A. H. Compton, Phys. Rev. 21, 483 (1923). 


2 A. H. Compton, Phys. Rev. 22, 408 (1923). 
3 P. A. Ross, Proc. Nat. Acad. Sci. 9, 246 (1923); 10, 304 (1924). 
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for the unmodified and modified x-rays respectively. If the primary 
x-rays are unpolarized the quantities 71 and sj are connected by the 
relation 


anf 27s; sin d dd (2) 
0 * 
while a similar relation exists between a2 and Se. 

Jauncey*® has proposed a theory which explains not only the 
presence of the unmodified line but also the width of the modified 
line. This theory takes into account both the motion and the binding 
energy of a scattering electron in its orbit and it gives a formula for 
the fraction of the total number of electrons which are in orbital 
positions such as to scatter modified x-rays in a direction ¢. If we 
denote this fraction by p(#) and use a subscript to denote the orbit 
which is occupied by the electrons considered, (for example br(¢) 
denotes the fraction of K electrons which are in a position to scatter 
modified x-rays in the direction ¢ then px(¢) is approximately given by 


ag vers 6+2+/ 2a, sins¢—No/Az 
br(¢) =A (3) 
AV 2a; sin 3¢ 


where a,=h/mcds, ao=h/mcdo, Xs denotes the K critical absorption 
wave-length of the scattering substance, Xo the wave-length of the in- 
cident radiation and ¢ the direction of scattering. The values of p L(¢), 
bau($), etc., are obtained by means of similar formulas, when the orbits 
are circular and by more complicated formulas in the case of elliptic 
orbits.®:7 p() is now obtained as a weighted mean of the values for 


the various orbits. Jauncey and DeFoe' have shown that the theoretical — 


value of se is given by 


BSN Ge Sine Waney Tas, 


4 
2(1+a» vers ¢)® @) 


S2 


where K is given by 
iss (NZp/W) (e4/mct) . (5) 


In Eq. (5) N denotes Avogadro’s number, Z the number of electrons 
per molecule, p the density, W the molecular weight of the scattering 
substance, e the electronic charge, m the mass of an electron, and ¢ 


4G. E. M. Jauncey, Phys. Rev. 25, 314 (1925). 
5G. E. M. Jauncey, Phys. Rev. 25, 723 (1925). 
6 Jauncey and De Foe, Phil. Mag. 1, 711 (1926). 
7G. E. M. Jauncey, Phys. Rev. 27, 687 (1926). 
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the velocity of light in vacuo. Jauncey and DeFoe® have pointed out 
that although sz should be given by Eq. (4) yet it is not a necessary 
result of the theory that s; should be given by replacing the factor 
b(¢) in the right side of Eq. (4) by { 1—p(¢) He This could only be done 
if the probability of an electron’s scattering in the direction @ were the 
same irrespective of whether the electron was in a position to scatter 
modified or unmodified rays. If the ratio s;/s; can be measured ex- 
perimentally, then Jauncey’ has shown that the ratio of the probability 
Py that an electron will scatter in a direction ¢ when in a position to 
scatter unmodified rays to the probability Py that it will scatter modi- 
fied rays is given by 


Pu/ Pu = (51/52) (p()/ {1—p(4) } (6) 


The experiments of Barkla and Ayers,® Hewlett,’ and Jauncey and 
May?® show that there is scattering considerably in excess of the 
Thomson!" value at ¢=30° in the case of scattering by light elements. 
On Jauncey’s theory however it is at 30° that the fraction {1—p(¢)} 
becomes considerable and therefore a considerable portion of the 
scattered rays are unmodified. Further, Barkla and Dunlop find con- 
siderable excess scattering from heavy e’ements such as copper even 
when,¢ = 90°. Here again the fraction {1—p(¢)} becomes large when 
¢=90° when x-rays are scattered by copper. Again Hewlett® and 
Jauncey and May’® find that when x-rays are scattered by light ele- 
ments the scattering goes to zero at about 6=5°. At this angle p(@) 
vanishes. It seems then that excess scattering and also the zero scat- 
tering at small angles is a property of the unmodified scattering and 
not of the modified scattering. It is therefore evident that it is im- 
portant to measure s; and S2 experimentally, so that we may test the 
theoretical formula, Eq. (4), and also so that we may obtain s; as an 
empirical function of ¢. Asa preliminary attack on this problem the 
experimental values of se/(s;+52) have been determined for different 
scattering substances, different wave-lengths and for different angles 
of scattering. 


2. THEORY OF THE EXPERIMENTAL METHOD 


The experimental value of the scattering coefficient o.2, determined 
by previous observers has always been approximately the sum of the 


8 Barkla and Ayres, Phil. Mag. 21, 275 (1912). 

°C. W. Hewlett, Phys. Rev. 20, 688 (1922). 

10 Jauncey and May, Phys. Rev. 23, 128 (1924). 

1 J. J. Thomson, Conduction of Electricity through Gases 2nd Ed., p. 325. 
2 Barkla and Dunlop, Phil. Mag. 31, 222 (1916). 
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two scattering coefficients o, and oe. In the determination of Gezp 
there is a slight error introduced by assuming the same absorption 
coefficient for the scattered as for the primary radiation, whereas in 
fact there is a slight increase in the absorption coefficient as shown 
experimentally by Sadler and Mesham.” This error is small but al- 
ways tends to make o.., less than the true value. The softening is of 
course due to the change in wave-length of the modified portion of the 
scattered x-rays. This suggests that, since we know the change of 
wave-length on scattering and therefore also the change in absorption 
coefficient of the modified x-rays on scattering, we can separate Si 
and s2 at a given value of ¢ by transferring a certain thickness of ab- 
sorbing material from a position P in the primary beam to a position 
Q in the scattered beam and observing either the intensity of the scat- 
tered x-rays if the intensity of the primary x-rays is kept constant or 
the change in the intensity of the primary rays necessary to keep the 
intensity of the scattered x-rays constant. In the present experiment 
the second alternative was used. Jauncey and DeFoe®™ have given 
formulas for determining the ratio s2/(sit+se) for two cases. First, 
for the case in which the scattering block is placed in a position such 
that a normal to its face makes an angle 6=¢/2 with the forward di- 
rection of the primary beam, ¢ being the scattering angle, we have 
Ae 

(ot) = Cede v/a me) 
Second, for the case in which the scattering block is set in such a 
position that the plane of its face bisects the scattering angle @, we 
have 

eel 

(y—1)+Be#(1— yet) 


In the above equations the symbols used are defined as follows: 
y=I./I, where I; and J» are the intensities of the primary x-rays 
before and after the transfer of a thickness d of absorbing material 
from P to Q, the values of I; and J, being such that the intensity of 
the scattered rays is the same after the transfer as before; di is the 
thickness of absorbing material at Q; which is not transferred (e. g. 
the thickness of the aluminum window of the ionization chamber) ; 
k= (te—p1); b= (ue — ws) R+2; o=(ua—ps)t sec $$, where ¢ is the thick- 
ness of the scattering block and ¢ is the angle of scattering; B= 


So/(Si+S2) = (8) 


18 Sadler and Mesham, Phil. Mag. 24, 138 (1912). 
14 Jauncey and DeFoe, Proc. Nat. Acad. Sci. 11, 517 (1925). 
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eR /} 1+ (us—ps) /2us} ; h=(us—us); R is the distance from scatter- 
ing block to ionization chamber window ; «1 is the absorption coefficient 
of primary x-rays in absorbing material ; 2 is the absorption coefficient 
of modified x-rays in absorbing material ; u3 is the absorption coefficient 
of primary x-rays in scattering material; us is the absorption coefficient 
of modified x-rays in scattering material; yu; is the absorption coefficient 
of primary x-rays in air; and pe is the absorption coefficient of modified 
X-rays in alr. 

The change in absorption coefficient k = (u2—pi) may be determined, 
either by plotting the experimental value of uw for the particular ab- 
sorbing substance used against \ and reading from the curve the two 
values of uw corresponding to dg and Xo, or by making use of the relation 


u/p= const X 3+ a/p (9) 


In the present experiments aluminum was used for the absorbing 
material which was transferred from P to Q and Hewlett” gives the 
constant for aluminum in Eq. (9) as 12.4. If Eq. (9) is differentiated 
with respect to \ we obtain 6(u/p). Since a/p varies slowly with the 
the wave-length we can treat it as a constant. We then have for 
aluminum 


(2—pi) = 100. 6A? (Ag—Ao), (10) 
(Ag—Ao) being given by Eq. (1). 


3. EXPERIMENTAL ARRANGEMENT AND PROCEDURE 


The equations giving the ratio s2/(s1+52) suggest the use of a balance 
method. The experimental arrangement is shown in Figs. 1 and 2. 
Two primary beams 1 and 2 which are in the same vertical plane are 
taken from the x-ray tube R which was placed at an angle of ap- 
proximately 45° with the plane containing the two beams so as to 
eliminate any effect due to polarization in the primary rays. These 
were passed through the two slits C and D. C was about one square 
centimeter in area and its size was fixed. D could be varied from zero 
to about two square centimeters in area. The area of D was measured 
to .01 mm? by means of a micrometer screw. Absorbing material was 
placed at P; and P,, Aluminum was used for absorbing material be- 
cause the fluorescent radiation of aluminum does not interfere and 
because aluminum can be obtained commercially in a much higher 
state of purity than any other suitable substance. The scattered beams 
1’ and 2’ from AB after passing through the absorbing material at 
Q, and Qs» entered separate ionization chambers. These ionization 


15 C, W. Hewlett, Phys. Rev. 17, 284 (1921). 
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chambers were connected by a glass tube and methyl iodide introduced 
by means of evaporation from a reservoir. This kept the concentration 
of methyl iodide vapor the same in the two chambers. The outer 
electrodes of the two ionization chambers were respectively connected 
to the opposite poles of a battery giving 180 volts, the middle point 
of the battery being grounded. The inner electrodes of the chambers 
were connected to each other and to a Compton electrometer. If the 
intensities of the scattered rays entering the two chambers is the same 
the electrometer shows no deflection. In these experiments the same 
thickness of aluminum was first placed at Pi and P» also the thickness 
at Q, was the same as at Qe. A balance was then obtained by varying 
the slit C by means of the micrometer screw and the reading of the 


Fig. 1. Diagram of apparatus showing scattering block in the position 
of Method I, Eq. (7). 


micrometer recorded. Second, a certain thickness of aluminum d 
was then transferred from P; to Q;. In order to restore the balance it 
was then necessary to open the slit C by a definite amount. After the 
balance had been restored, the micrometer was again read. These 
two readings were taken as proportional to the intensities J; and Ie 
in Eqs. (7) and (8). It remained necessary to find the wave-length 
of the x-rays used. This was done by opening the slit C to double its 
value when the amount of aluminum at P; and Pe. was equal, (the 
aluminum which was transferred from P,; to Qi was replaced prior to 
this determination) then sufficient additional aluminum was placed 
at P; to restore a balance. From this added thickness, the average 
wave-length of the primary beam was calculated. 

The electrometer used in determining the balance had a sensitiv- 
ity of about 3000 to 5000 scale divisions per volt. All wires leading 
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to the electrometer were insulated by means of quartz and were placed 
inside grounded conductors. In this way it was possible to avoid 
insulation leaks and electrostatic fluctuations. A further precaution 
was taken to avoid any steady change in conditions which might occur 
during a set of observations by taking readings in groups of five. 
For example, let J; denote the micrometer reading when the aluminum 
was at P; and I» the reading at Qj, then consider a group of five read- 
ings, say three of J; and two of Js, in which case the first, third and fifth 
were of J; and the second and fourth of J: or vice versa. The average 
values of J; and Jz were then determined and a value for y=/,/J; 
calculated. Three such groups of readings were made for each angle 
in the case of any given wave-length and substance. The values of y 
so obtained were then averaged and the ratio calculated from this 


Fig. 2. Diagram of apparatus showing scattering block in the position 
of Method II, Eq. (8). 


average value. Even with these precautions the error in some Cases 1s 
probably as much as ten percent. The carbon block used was .5 cm 
thick and was placed in the position of Method I, Eq. (7), Fig. 1. For 
aluminum the position was the same but the thickness was reduced 
to .166 cm. In the case of copper the block was placed in the position 
of Method II, Eq. (8), Fig. 2, and was thick enough to absorb all the 
x-rays. The distance R of the block from the ionization chamber 
window was always 13 cm. 

It should be mentioned that in the case of carbon it was necessary 
for the aluminum window of the ionization chamber to have a thick- 
ness of .045 cm in order to remove the characteristic rays of iron from 
the scattered beam. These characteristic rays were due to impurities 
in the carbon block. Calculations showed that a small percentage of 
iron as an impurity would entirely vitiate the results unless the window 
used was sufficiently thick to absorb all the characteristic radiation 
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of iron. The thickness used was known to be sufficient since it was the 
same as that used for copper, and previous tests had shown that this 
thickness was sufficient to reduce the characteristic radiation of copper 
to a negligible amount. 


- 


4. RESULTS AND DISCUSSION 


The experimental results for carbon, aluminum and copper are 
shown in Tables I, II, and III. 


TABLE I 
Carbon 
$ d y d dy = b(¢) Pu/Pu 
Siz S2 

60 .345 1.047 332 045 965 1077 14 
60 .385 1.052 lb aA 045 .857 .958 3.8 
60 1435 1.052 Hew 045 .676 .920 nS 
60 .58 1.022 083 045 623 Sia 4.3 
90 nee AS) 1.087 rye 045 .99 1.00 ae 
90 .475 1, LO? rs fe .045 £975 .980 1235 
90 Sops) 1.198 °332- .045 82 .96 a ee 4 
110 eM 1.109 Ra Ry. 045 1.00 1.00 er 
110 41 1.209 2332 045 1.00 1.00 oes 
110 45 easy, oe 045 965 a .O0 
130 So 15% .o2 045 1.00 1.00 
130 Fels thes i} oe 045 975 1.00 
130 “42 1.290 oo .045 1.00 1.00 


In these tables ¢ is the angle of scattering, \ the wave-length in 
angstroms, y the ratio I2/I;, d the thickness of the aluminum trans- 
ferred. It is to be noted that the ratio s2/(si+52) is always less than 


TABLE-L! 

Aluminum 
¢ d y d dy =f b(¢)  Pu/Pm 

SitSe 

90 “fall 1.047 1332 045 S67 .950 9.5 
90 36 1.065 eee .045 .625 .939 9.0 
90 50 1235 .083 .045 el .910 8.5 
110 30 1.079 WOo2 .045 814 .965 6.1 
110 36 eae. POOL .045 L180 952 Cues 
110 .50 1.051 .083 .045 .760 .920 5.0 
130 .28 1.100 Soo 045 .926 974 3.0 
130 raat Leis4 roae .045 895 964 A nec | 
130 .385 1.180 ae ys .045 865 953 Sy 2 


b(@) except where each is equal to unity. This means that the prob- 
ability Py of an electron’s scattering unmodified rays in a direction ¢ 
is always greater than the probability Pw of an electron’s scattering 
modified rays. In the last columns of the tables are shown the ratio 
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of these two probabilities. There are several blanks in the last column 
where the value of Py/Px is indeterminate. It might be mentioned 
that Woo" also finds s2/(si+s2) to be less than p(¢) for MoKa x-rays 
scattered from various elements. 


TABULEA LLL 
Copper 
? d ¢ d dy = b(¢) Pu/Pmu 
Si--S2 
90 27 1035 BSS .045 .62 .90 see 
90 a2 1.049 SRP: .045 .609 .79 Dink 
90 36 1.059 fone .045 <0 .67 5:2 
100 Al 1.050 oO. .045 1A 20 4.2 
100 sy? ron Poo2 .045 rf ke: .901 Rar) 
100 36 1.083 Poe .045 .68 .884 ox 6 
100 41 1.096 PoOw .045 .63 . 849 o.3 
130 eh 1.093 Here .045 .94 .948 LZ 
130 345 1.144 RY .045 .89 .916 1.4 
130 .48 1.061 .083 .045 .81 .867 UC) 


Jauncey’ has shown that the unmodified scattering should disap- 
pear at an angle and a wave-length such that p(¢) becomes unity. This 
occurs at a value of ¢ given by 


vers $= (32/2) (Ao2/dz) (mc/h) (11) 


(@) 
#0.5 
S 
0x, 
tie 0.4 0.5 0.6 0.7 0.8 
Wave-length (Angstroms) 


Fig. 3. Scattering from carbon at 60°. 


A test of this formula has been made for scattering by carbon. The 
experimental values of s2/(si-+52) are plotted against \ for the angles 


18 Y. H, Woo, Phys. Rev. 27, 119 (1926). 
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60° and 90° and are shown as the full curves in Figs. 3 and 4 respect- 
ively. It is seen that so/(si1+52) becomes unity at wave-lengths of 
0.32A and 0.46A for angles of 60° and 90° respectively. For carbon 
the K absorption limit is 47A and solving Eq. (11) at values of 6 =60° 
and 90° we obtain \)=.31A and .44A respectively. These agree yery 
well with the experimental values. In the case of carbon at ¢=110° 
the solution of Eq. (11) for Xo is 0.51A. As all the wave-lengths ex- 
amined were less than 0.51A the ratio se/(sit+Se) 1s approximately 
100 percent. It will be noted that experimental values of s2/(si+Se) 
are shown in Figs. 3,4 and 5 forX\=0.71A. These values are taken 
from results obtained by Woo! for the scattering of MoK x-rays by 


0.3 0.4 0.9 0.6 0.7 
Wave-length (Angstroms) 


Fig. 4. Scattering from carbon at 90°. 


carbon. It is seen that Woo’s values fall upon the extrapolated ‘portion 
of the curve as determined by the writer. The writer’s values are there- 
fore consistent with those of Woo. The broken curves in Figs. 3 and 4 
are the graphs of p(@) against \ for 60° and 90° respectively. It is seen 
that the curves for s2/(si+s2) fall below the curves for p(d) except 
where each becomes unity. 

The smooth curves of Figs. 5 and 6 are the graphs of So/(sitSe2) 
against \ for aluminum and copper at ¢=90°. These curves are not 
extrapolated to cut the 100 percent line because the amount of the 
extrapolation would be so large that the results would be of little 
value. We may however use the results for copper to test the truth 
of Eq. (4). The experimental value of (si+52) has been determined 
for copper at 90° and a wave-length of .4A. Interpolating the results 
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of Barkla and Dunlop” we find the value of (si:+s2) to be 1.405, 
where 5) is the Thomson value at 90°. A similar determination by 
DeFoe and Jauncey™ gives (s;-+s2) =1.24s9. The mean of these values 


0.5 0.6 0.7 
Wave-length (Angstroms) 
Fig. 5. Scattering from aluminum at 90°. 


is 1.3259. The experimental value of s2/(si+se) for \=0.4A at 6=90° 
is from Fig. 6 found to be 0.54. Hence s2=0.54X1.3259=0.7155. 


0.6 0.7 


0.4 0.5 : 
Wave-length (Angstroms) 


Fig. 6. Scattering from copper at 90°. 


When unmodified rays are present the theoretical value of sz is given 
by Eq. (4). In the present case p(#) has the numerical value of 0.85. 
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The value of the remainder of the right side of Eq. (4) is 0.8759 for 
\=0.4A. Hence s2=0.7459 which agrees well with the experimental 
value 0.7159. The use of s; is of course the difference between (S3-+52) 
and so is therefore 0.5859. It is unfortunate that more values of (s1+52) 
are not available for various scattering substances, wave- -lengths and 
angles of scattering for then we could arrive at a relation between 
$1) d\ and d. 

On examining the values of the ratio of Py/Pwu as given in the last 
columns of Tables I, II and III, we note a general tendency for the ratio 
for a given wave-length to become less as the angle increases. In fact in 
the case of copper the ratio seems to approach unity at an angle of about 
130°. The results for carbon and aluminum are not quite so definite, but 
‘t must be remembered that the ratios, s2/(si+s2), as given in the sixth 
column are not so accurate as could be desired and it might well be that 
the values of Py/Pm even for carbon and aluminum approach unity 
for large angles. This approach to unity implies that the unmodified 
scattering per electron in a direction ¢ approaches the modified scatter- 
ing per electron when @ becomes large. 

The experimental results so far as they go support Jauncey’s theory 
of the unmodified line in that the unmodified scattering disappears for 
a given angle at the wave-length demanded by the theory and also in 
that the experimental value of the modified scattering coefficient at 
90° for copper is in agreement with the theoretical value. 

In conclusion, the writer wishes to express his thanks to Professor 
G. E. M. Jauncey who suggested this problem, for his aid an interest 
in the carrying out of this research. 

WASHINGTON UNIVERSITY, 


St. Louis, Mo. 
March 2, 1926. 
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NOTE ON THE QUANTUM THEORY OF THE UNMODIFIED 
BIN EIN THE COMPTON EFFECT 


By G. E. M. JAUNCEY 


ABSTRACT 


Disappearance of the unmodified line.—According to the theory developed in 
two previous papers (Phys. Rev. 25, 314 and 723) it is shown that the un- 
modified line should disappear at a scattering angle ¢ given by vers ¢= 
(3 +24/2)(A0?/As)(mc/h) where Xo is the wave-length of the primary x-rays 
and 2d; the K critical absorption wave-length of the scattering substance. 
This formula shows that there is an unmodified line for all values of ¢ when 
Mo Ka rays are scattered by carbon and heavier elements, but when scattered 
by boron and lithium this line should disappear at 147° and 60° respectively. 
Ratio of the energies in the modified and unmodified lines—The theory of the 
previous papers gives the ratio of the number of electrons in orbital positions U 
such as to scatter unmodified rays in a direction ¢ to the number of electrons 
in orbital positions M such as to scatter modified rays. A formula for the ratio 
of the probability of an electron scattering when in the U position to that when 
in the M position is given together with a simpler method for calculating the 
number of electrons in the M position to the number in the Uand &/ positions 
for elliptic orbits. 


1. DISAPPEARANCE OF THE UNMODIFIED LINE 


JN two previous ,papers,!? the writer has explained the’ ‘ex- 

istence of the unmodified line in the Compton effect by showing 
that there is a certain range of positions of the scattering electron of 
a given type (K, L, etc.) in its Bohr orbit from which the electron 
cannot be ejected from the atom by the scattering process when x-rays 
are scattered at an angle @ with the direction of the primary rays. 
For convenience, we shall speak of an electron which is in an orbital 
position such that it cannot be ejected by the scattering process as 
being in the U position and of an electron which is in a position such 
that it can be ejected as being in the M position. Jauncey’s theory 
requires that for scattering in a direction ¢ by a given type of electrons 
the ratio of the number Ny of electrons in the M position to the total 
number (Ny+N~y) of electrons in the U and JN positions is approxi- 
mately given by 

Nu ay vers 6+2+/ 2a; sin $d —do/Ne 


ee ee ee ee (1) 
Nut+Nu 4\/2a, sin $¢ 


1G, E. M. Jauncey, Phys. Rev. 25, 314 (1925). 
2G. E. M. Jauncey, Phys. Rev. 25, 723 (1925). 


687 


688 G. E. M. JAUNCEY 


where y is the wave-length of the primary x-rays, i, is the critical 
absorption wave-‘ength for the particular type of electrons under 
consideration, a=h/mcdXo and a,=h/mcds. Eq. (1) is true for those 
types of electrons which move in circular orbits, while a more com- 
plicated formula? exists for electrons which move in elliptic orbits. 

The ratio Ny/(Nv+Nwm) is to be taken as zero when the right side 
of Eq. (1) is negative and as unity when the right side is greater than 
unity. For values of the right side between zero and unity, the ratio 
increases as @ increases and as A, decreases. The ratio is therefore 
least for the K electrons. Hence when the ratio becomes unity for the 
K electrons, it will be unity for all the other electrons, and we shall 
have no unmodified line. Therefore, equating the right side of Eq. (1) 
to unity and solving for ¢, we obtain the value of ¢ for which the un- 
modified line in the Compton effect should disappear. This value 
of ¢ is given by 


vers = (3+2v/2) (Ao?/ds) (mc/h) (2) 


If \, and 2X, are measured in angstroms, Eq. (2) may be written 
vers @=242(d.2/N;). For the scattering of MoKa x-rays by the K 
electrons of carbon we have \)=0.71A and \,=47A, so that the right 
side of Eq. (2) is greater than 2 and there is no real solution for @. 
A similar result holds for the scattering of MoK§ x-rays by carbon. 
Hence there is an unmodified line for all values of ¢ when MoKa and 
MoK@ x-rays are scattered by carbon and elements of higher atomic 
number than carbon. However, for the K electrons of boron we have 
\, =66A and there is now a real solution for ¢. For scattering by boron 
the unmodified line should disappear at ¢=147°, while the unmodified | 
KB line should disappear at ¢=117°. 

Jauncey, Boyd and Nipper® have tested this experimentally by 
scattering MoK x-rays by boron at about 145° to 150°, the scattered 
spectrum being examined photographically by means of a Sieman- 
Ross x-ray spectrometer. The photograph showed the modified Ka 
and K@ lines plainly but the unmodified lines were not apparent although 
in a comparison experiment where carbon was the scattering substance 
the unmodified lines were evident. As further experimental evidence 
Allison and Duane‘ and Woo} have scattered MoK x-rays from lithium 
at angles greater than 60° and find either very little or no evidence of 
the unmodified lines. For the K electrons of lithium \, =240A, so that 


3 Jauncey, Boyd and Nipper, Phys. Rev. 27, 103 (1926). 
4 Allison and Duane, Phys. Rev. 26, 300 (1925). 
5 Y. H. Woo, Phys. Rev. 27, 119 (1926). 
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the unmodified MoKa and K@ lines should disappear at 60° and 53° 
respectively. It might be mentioned that the existence of the un- 
modified MoKa line might have been explained on the following as- 
sumptions: (1) the electrons are at rest in the atom, (2) the energy 
given: to the electron by the scattering process is that given to a free 
electron, and (3) there is an unmodified line unless this energy is greater 
than the binding energy of the electrons. These assumptions give the 
condition vers @=(Ao?/A;)(mc/h) for the disappearance of the un- 
modified line, which in the case of carbon should be at 75°. Experi- 
mentally, however, the unmodified MoKa line does not disappear at 
any angle when the x-rays are scattered from carbon. We are therefore 
left with the theory of the unmodified line as developed by Jauncey! 
as being the only available explanation. 


2. RATIO OF THE ENERGIES IN THE MODIFIED AND 
UNMODIFIED LINES 


Jauncey and DeFoe® have shown that the assumption that the 
chance Py that an electron will scatter in the direction ¢ when in the 
U position is equal to the chance Py that an electron will scatter when 
in the M position is not necessary to Jauncey’s theory of the unmodified 
line. Experiments show that Py is greater than Py and we are able to 
calculate the ratio Py/Py from experimental data. Eq. (1) gives the 
ratio Vy /(Nv+WNu) for a given type (K, L etc.) of scattering electrons 
so long as these electrons are moving in circular orbits. If, however, 
the electrons are moving in elliptic orbits the method of calculation 
is as follows: Referring to Fig. 1 the curves ABCD and DEFG are 
taken from Fig. 3 in Jauncey’s paper.? The curve ABCD is for circular 
orbits while the curve DEFG is representative of the curves for el- 
liptic orbits. If the line AD is divided at L in the ratio LD/AD such 
that this ratio is given by the right side of Eq. (1) and the line LM 
is drawn perpendicular to AD then the ratio Nu/(Nv+N~um) for the 
particular type of electrons under consideration is given by the ratio 
of the area LMFGK to the area HDEFGK. The weighted mean of the 
ratios Ny/(Ny+Nwm) for the various types of electrons is represented 
by £(¢). If now s; and sz represent the unmodified and modified 
scattering coefficients per unit solid angle in the direction ¢, then the 
ratio se/s; can be found experimentally by the methods of Woo’ and 
DeFoe.’ We then have 


Pu/Pu=(si/s2) - p(o)/{1—2(¢)} (3) 


6 Jauncey and DeFoe, Phil. Mag. 1, 711 (1926). 
70. K. DeFoe, Phys. Rev. 27, 675 (1926). 
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Woo in a recent paper’ finds the ratio S2/s1 by obtaining the spectrum 
of scattered MoKa x-rays and comparing the areas under the modified 
and unmodified humps in his curves. Woo finds Sy/s, for carbon at 
90° to be 1.45. However Woo compares this with a value 1.74 for the 
ratio of the ‘intensities’ calculated on theoretical grounds in a -paper 
by the writer.2. In this paper? the writer distinguishes between in- 
tensity’ and ‘energy.’ In the sense in which the writer has used the 
words, Woo has measured the ratio of the ‘energies.’ The writer has 
used the word ‘intensity’ to denote the height of the ordinate of the 
most intense part of the modified or unmodified hump and not the 
area under the hump; while the word ‘energy’ implies the area. Ac- 


Fig. 1. Curves for obtaining the ratio Nu /(Nu+Nm) for elliptic orbits. 


cording to ‘the argument of the paper? the ratio of the ‘energies’ for 
MoKa x-rays scattered at 90° by carbon is 10.9 and by sulfur is 4.2. 
These values, however, are based on the assumption that Pu= Par 
As $2/S1 is quite evidently smaller than the ratio of the ‘energies,’ 
we see that Py is greater than Py and from Eq. (3) the ratio Pu/Pmu 
for MoKa x-rays scattered by carbon at 90° is 10.9/1.45=7.5. Thus 
we see that scattering is about 7.5 times as probable when the electron 
is in the U position as in the M position. It should be remarked that 
Eq. (3) gives only the mean value of Pu/Pm. It might well be that 
this ratio has different values for the different orbits. 


WASHINGTON UNIVERSITY, 
St. Louis, Mo. 
March 3, 1926. 
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THE REFRACTION OF X-RAYS IN PRISMS 
OF VARIOUS MATERIALS 


by Ge SLeack 


ABSTRACT 


The method consisted in the use of the ‘‘double x-ray spectrometer” for 
measuring the extremely small changes in angle produced by refraction in 
prisms, which were placed between two crystals. The rocking curves from the 
second crystal were from 6 to 10 seconds of arc wide at half maximum and, 
under favorable temperature conditions, a shift of .2 seconds could be detected. 
Two different wave-lengths of x-rays and prisms of various materials were used. 
The values of 610°, where 6=1—y, are as follows: 


r silver copper sulfur aluminum carbon celluloid paraffin 
pees ceo t.o 1394.05 1.68+.07 1.23+.15 980+.03 .701+.03 
1.53784 8.40+.2 Sei Seca Meee Oo bse 


These results agree with the Lorentz dispersion formula within experi- 
mental error. In the case of certain materials, notably graphite, the curves from 
the second crystal were extremely broad (20 to 50 seconds), caused by internal 
refraction due to the granular structure. This seems of interest with respect 
to the possibility of comparing internal arrangements of particles in various 
samples, though nothing of that sort was attempted here. 


INTRODUCTION 


N a recent paper by Bergen Davis and C. M. Slack! a method was 

described which employed the “double x-ray spectrometer’” for the 
measurement of the refraction of x-radiation in an aluminum prism. 
The present paper presents a continuation of that work using a variety 
of substances as prisms. 


EXPERIMENTAL METHOD 


In all cases, except copper, silver and carbon, double prisms were used, 
in which the ray passed through the prism symmetrically, being bent 
the same at each surface. With copper and silver the difficulty ex- 
perienced in perfecting the prism edge was overcome by backing a 
carefully polished face of the material against a steel plate and then 
milling the other face to the angle desired. The ray was then allowed to 
enter normally, refraction taking place on emergence. In these metals, 
on account of the high absorption, it was not possible to work at a 
distance greater than .01 cm from the edge. With carbon a right angled 
block was used, this being rotated to obtain the refracting angle. 


1 Bergen Davis and C. M. Slack, Phys. Rev. 27, 18 (Jan., 1926). 
2 Bergen Davis and W. M. Stempel, Phys. Rev. 17, 608 (May, 1921). 
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In measuring the refraction, the first crystal was set for the wave- 
length desired (Moka or CuKa) and a direct rocking curve from the 
second crystal was taken. Then the prism was inserted and the rocking 
curve again taken. The shift in the peak measured the bending of the 
ray in the prism. This process was usually repeated several times at 
different prism positions to make sure that the prism was across the 
x-ray beam and to iron out slight irregularities in the prism surfaces and 
the larger shifts due to temperature changes. 

In calculating 6 from the prism angle and the measured bending a 
simple modification of the formula for the refractive index of a material 
for light was used: , 


5=—Ocot R (1) 

for single prism: 
5=—46cotZR (2) 
for double prism. R is the prism angle and 6 the deviation of the ray. 


The sign of 6 is negative for bending as observed, which gives a positive 
value for 6 in every case. 


RESULTS AND DISCUSSION 


The results are shown in Table I. 


TABLE I 
Data on refraction of x-rays. Values of 6 (= 1-n). 


5x 10° 
Calc. by Lorentz 
formula 
prism angle refraction 5x 108 omitting 
Substance (degrees) (sec. of arc) observed complete char. freq. 
ee EE ee ee 
7078 A 
silver single 63.5 2.42+0.1 5 8510.3 5.80 6.33 
copper single 60 .0 Jelke Oe 5.05/02 Save 5.60 
sulfur double 168.3 S239 be 1.39 +0.05 1.37 1.37 
aluminum double 166.0 Se 02-2 1.6804 0.07 iai8 Derr’, 
carbon single 86.4 4.02+40.5 1.234 Oa 1.10 1.10 
celluloid double 171.0 EM ak Ue | 980 +0.03 991 .991 
paraffin double 173.0 Andis O2LS 701 +0.03 714 714 
N= 537A 
aluminum double 116.0 bs NK Mea ta BU eee oe 8.46 8.44 
celluloid double 144.0 6.06+0.1 4.78 1001 4.71 4.71 
paraffin double 152.0 5.40+0.15 3,28. 20815 6 ey ee LS 


me ———— 


The first of the last two columns was obtayned from a modification of 
the Lorentz dispersion formula? thus: | 


? R. von Nardroff, Phys. Rev. 24, 143 (1924). 
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: e2 | Ny AR 
2rmL v?—vp =| < 


where y, is the critical absorption frequency for the K series. 
Which for the last column was simplified to 


e Nn 
yeaa (4) 


27m vy? 


It will be observed that only in the cases of silver and copper did the 
consideration of vy, have an appreciable effect and in these it brought the 
result nearer the experimental value. 

The curves were extremely narrow and of almost perfect regularity. 
It seems of interest to note that, with the exception of a few cases 
mentioned below, the transmission curve had practically the same 
width as the direct. The peak of an individual curve could be located to 
within .2 seconds. A shift due to temperature caused considerable 
trouble, but as it affected both curves alike it could be largely eliminated 
by a series of “‘out”’ and “in” curves. The other errors, such as lining up 
of the prism in mounting, measuring of prism angle, imperfections in 
prisms, etc., were not so easy to determine but in no case would intro- 
duce an error greater than .2 seconds, and in most cases considerably 
less. The discrepancy in the case of carbon is due to curve broadening 
discussed below. 

Fig. 1 is a direct curve which shows the accuracy with which the 
peak can be located under favorable conditions. It also shows to a fine 
degree the perfect structure of the crystals used. 

Because of the relatively low absorption in celluloid and the high 
accuracy with which it was possible to mill the prism edge, quite large 
refractions could be obtained. Fig. 2 shows such a case. The prism was 
pushed only part way across the beam, (a) representing that which 
passed the edge and (b) the portion which was refracted in the prism. 


INTERNAL REFRACTION IN GRAPHITE 


In the determination of 6 for carbon a piece of brush graphite kindly 
supplied by Dr. Welsh of the Union Carbide and Carbon Research 
Laboratories was used. It was observed immediately that the curves, 
instead of being 6 seconds wide at the half maximum, were of the order 
of 30 to 50 seconds, depending on the prism position. This effect 
apparently came from internal refraction due to the granular structure 
of the material. To check this, however, the transmission through a 
paraffin block was compared with that through the same amount 
granulated and it was found that the curve width was nearly doubled 
for the granulated material. There was some broadening in the case of 
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sulfur, due to the same cause. In no case was the effect noticed where it 
could be attributed to the surface conditions though in every case 
surface irregularities were enormous as compared to the x-ray wave- 
length. 


Z 
seconds of arc 


Fig. 1. Apparatus curve. Fig. 2. Refraction in celluloid. 


An investigation was made of the transmission through graphite strips 
of different thickness and the results obtained are given in Table II. 


TABLE II 
Data on the broadening of refraction curves in graphite. 


Thickness of Curve width at 
graphite half max. Broadening 

MoKa 
13.8mm 58 sec. 52 sec 5 
8.4 46 40 a 
we 30 24 +3 
292 19 13 +3 
ieee 15 9 2 
.62 10 4 2 

0 6 0 

CuKa 
1Pe2 58 47 +) 
62 45 34 +4 


REFRACTION OF X-RAYS 695 


This variation of the broadening with thickness may be explained as 
follows. Consider the original beam as plane parallel and that in 
traversing a slab of known thickness it is divided into a large number of 
smaller elements (see Fig..3) angularly dispersed in a manner which can 
be determined from a corresponding rocking curve. On traversing a 
second slab of equal thickness each of these small elements will be 
angularly dispersed in a manner exactly as was the original beam 
through the first slab. The total effect is then to be obtained by sum- 
mation over all the elements. 

The numerical value of the intensity at any angle is obtained ex- 
perimentally as the height of that particular ordinate on the rocking 
curve. Thus to obtain the broadening graphically, curves were drawn, 
having the same distribution as the original, from a number of points 


Curve throvgh 
first slab 


Figs. 3 and 4. Diagrams to illustrate how the internal refraction of x-rays in graphite 
broadens the rocking curves. 


on the original. Then the ordinates of the elementary curves were added 
and the scale reduced for comparison. (See Fig. 4). This gave a curve 
showing distribution of intensity after traversing a second unit slab. 
This process was repeated for each thickness. In practice some eight 
points were taken on each curve and the check with the experimental 
results was within the error of observation. To explain quantitatively 
the original broadening would demand a knowledge of the shape, size 
and distribution of the carbon particles, which is not available. 

In conclusion I wish to express my appreciation to the members of 
the Physics Department for their cooperation in this work, and es- 
pecially to Professor Davis for the suggestion of the problem and his 
constant aid in overcoming difficulties encountered. 


PHOENIX PHYSICAL LABORATORIES, 
COLUMBIA UNIVERSITY, 
January 7, 1926. 
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THE ORIGIN OF K-RADIATION FROM THE TARGET 
OF AN X-RAY TUBE 


By MARK BALDERSTON 


ABSTRACT 


The fluorescent energy transformation coefficient, the ratio of the energy 
of secondary K-radiation emitted by an elementary volume of the radiator to 
the energy absorbed by it from the exciting x-rays, is observed for Fe, Ni,.Cu, 
Zn, Mo, and Ag. The ratio of quanta emitted as K-radiation to quanta ab- 
sorbed seems to be a constant for a given metal; Fe—33 percent; Ni—39 per- 
cent; Cu—43.5 percent; Zn—50 percent; Mo—83 percent; Ag—75 percent. 
Making use of the experimentally determined values of the transformation 
coefficient the fluorescent K-characteristic radiation from the target of an x-ray 
tube is calculated for Cu and Ag, and compared with observed values of 
the total K-radiation. An estimate is also made from theoretical considera- 
tions of the relative amounts of direct impact K-characteristic radiation to 
be expected from an x-ray tube target. The calculations indicate that for 
silver and probably for other elements of high atomic number practically all of 
of the K-characteristic radiation from an x-ray tube is fluorescent in origin 
while for copper and probably other elements of low atomic number a con- 
siderable part of the K-radiation is due to direct impact of the cathode elec- 
trons, 


OLLOWING the discovery by Kaye’ that characteristic x-radiation 
was emitted by the target of an x-ray tube Barkla? explained the 
phenomenon as secondary radiation resulting from the absorption, in 
the target itself, of the general radiation. Beatty* examined the sub- 
ject theoretically, not however publishing his method of analysis, and 
announced that not over ten per cent of the observed characteristic 
radiation could be so accounted for. An experimental investigation 
conducted with as much care as was possible with the facilities then 
available (1912) convinced him that practically all of the K-radiation 
from an x-ray tube target was the result of direct impact of the cathode 
electrons without the intermediate formation and absorption of general 
x-radiation. | 
With the x-radiation spectrometer came new evidence for Barkla’s 
theory in the form of a sharp discontinuity in the general radiation 
spectrum at what was soon recognized as the K-absorption limit. Ap- 
parently the wave-lengths below the K-limit were strongly absorbed 


1G. W. C. Kaye, Phil. Trans. A209, 123-151 (1909). 
2C. G. Barkla and C. A. Sadler, Phil. Mag. 17, 739-760 (1909). 
’R. T. Beatty, Proc. Roy. Soc. 87, 511-518 (1912). 
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in the target and it was but natural to assume that the K-radiation 
was an indirect effect resulting from this absorbed energy. Under the 
influence of Beatty’s work, however, this evidence was largely dis- 
counted and explained as due to absorption by small bumps on the 
face of the target. It seems to have been generally assumed that if 
the target were absolutely smooth there would be no such disconti- 
nuity; that the characteristic radiation would appear as a new effect 
superposed on the general radiation. Beatty’s’® investigation of the 
total radiation from a copper target added weight to these conclusions; 
for as the velocity of the impinging electrons was increased the in- 
tensity of the resulting x-rays increased being nearly proportional to 
the fourth power of the velocity until the K-radiation appeared when 
the rate of increase became more rapid as though a new effect were 
superposed on the old. A similar piece of work by Brainin* confirmed 
Beatty’s result for coppér and secured similar results for cobalt, 
palladium and platinum. Molybdenum, however, gave a perfectly 
straight line showing no break at the K-absorption limit while silver 
showed a well defined decrease in efficiency at about the voltage cor- 
responding to the K-absorption limit. 

Meanwhile D. L. Webster and A. E. Hennings® have shown that for 
a molybdenum target, the focal spot of which had been fused so that 
there could not possibly be inequalities great enough to explain any 
discontinuity in the general radiation curve, nevertheless a well de- 
fined discontinuity appeared which they explained as wholly due to 
K-absorption in the target and from the amount of the discontinuity 
calculated the mean depth of production of the x-rays at the K- 
absorption limit. Their result is well in accord with the data on penetra- 
tion of electrons found by Terrill.® 

These results make it seem worth while to redetermine on the basis 
of present knowledge the amount of fluorescent or indirect K-radiation 
to be expected from the target of an x-ray tube. Our knowledge of 
absorption coefficients is adequate. The results of Terrill’s work 
on electron penetration in. metals gives at least a rough indication 
of the mean depth of production of general x-radiation of a given 
wave-length. Webster and Hennings’ work mentioned above indicates 
its reliability. There remains to find what we have termed the “‘fluo- 
rescent transformation coefficient,” ¢, for a given range of wave- 
length of incident x-rays; i. e., the ratio of the energy of fluorescent 


4C. I. Brainin, Phys. Rev. 10, 461 (1917). 
5 D. L. Webster and A. E. Hennings, Phys. Rev. 21, 301-311 (1923). 
6H. M. Terrill, Phys. Rev. 22, 101-108 (1923). 
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K-radiation from a small element of the target to the total energy 
absorbed by the element during the same time. The determination 
of this coefficient for a number of metals ranging from iron (26) to 
silver (47) and for a number of wave-lengths from 314A to .9A was 
the object of the investigation of which this paper is a report. 


APPARATUS AND EXPERIMENTAL METHOD 


The apparatus is an x-ray spectrometer with calcite crystal C 
(Fig. 1) and a 15 cm ionization chamber A, containing air saturated 


Fig. 1. Apparatus. C represents the calcite crystal, A and B the two positions of the 
movable ionization chamber, R the radiator, S the slit. 


with ethyl bromide vapor. The chamber is mounted so that it may 
be revolved about a vertical axis 2 cm in front of the aluminum window 
making it possible to use the same chamber for measuring the secondary 
radiation from the specimen R and when turned through an angle 
of 90° to position B, the exciting radiation (R being then removed). 
The face of the radiator R makes an angle of 45° with the incident 
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beam so that the path of the incident x-rays in the radiator is equal 
to the mean path of the resulting characteristic radiation which 
reaches the ionization chamber. (On account of the very large solid 
angle subtended by the window this condition is only approximately 
satisfied.) The ionization current is measured by the rate of collapse 
of a small gold leaf electroscope mounted on the end of the chamber. 
The insulated electrode and the gold leaf are charged to a potential 
of about 60 volts. The sensitivity of the electroscope is about five 
divisions per volt and as the capacity is small the sensitivity per unit 
charge is high. The source of x-rays is a water-cooled tungsten-target 
tube of the Coolidge type. This tube was kindly constructed for the 
Laboratories by the Research Department of the Westinghouse Lamp 
Company. The source of power was a 500 cycle voltage rectified by 
two kenotrons and smoothed out by a large condenser. 

The tube voltage and current were adjusted to suitable values. 
The crystal table was set at the proper angle to reflect the wave-length 
desired and, with the ionization chamber in position B (see Fig. 1) 
the proper position of the slit S was determined. The ionization cur- 
rent was then taken several times in this position giving a good mean 
value as a measure of the incident or exciting radiation. The chamber 
was then turned to position A at right angles to position B. With the 
tube input maintained at the same value there were then taken in 
turn; first, the natural leak of the electroscope and chamber; second, 
the ionization current with the required radiator R, placed in position ; 
third, the natural leak again (the radiator R having been removed). 
This was repeated many times during a run, using different radiators. 
Occasionally during a run the incident radiation measurement was 
repeated as there was usually a slight drift in sensitivity due to change 
in temperature. The leak varied capriciously. Not over ten percent 
of it was due to stray x-rays (except at the highest voltages used) 
as was readily determined by shutting off the power. The amount of 
the leak varied a great deal with the weather but the range of varia- 
tion during a given run was no greater in summer than in late winter. 
It was found necessary to keep the electroscope system charged 
throughout a run. If it were allowed to become completely discharged, 
for even a few seconds, it would give abnormally high values for a 
considerable period, the effect disappearing logarithmically with the 
time. Extreme precautions were taken to return the ionization chamber 
to exactly the original position after a reading of the incident radiation. 
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The ratio of the ionization current due to the secondary radiation 
(corrected for leak) to the ionization current due to the incident radia- 
tion is given in Table I. 


TABLE | 
Ratio of the ionization currents due to secondary and incident radiations. - 


Incident Value of c’/c for 
Wave-length Ag Mo Zn Cu Ni Fe 
Oe SE Ee ee 
306A .0093 0058s Meera 00015! if igaen ah 
2359 .00826 .00653 .00065 00052. “s. . oes See 
.466 .00736 .00637 .00115 .00109 .00067 .00057 
35713 nibhob ete .0065 .00127 .00119 .00096 .00063 
OTR. fo he ae dy eee .00195 .00171 .00138 .00094 
TSDC MS. DR ERS eee .00233 .00204 .00158 .00125 
887g 2a Se eee .00297 .00256 .00230 .00161 


ENERGY TRANSFORMATION COEFFICIENT, @ 


In order to compare the vaues of the t:ansformation coefficients of 
molybdenum and silver with those of the lighter elements, the radia- 
tions from which do not excite the K-radiation in bromine of the ethyl 
bromide, it is necessary to reduce the ratio of ionization currents given 
in Table I to the ratio which would have been obtained if the radia- 
tion could have been completely absorbed in air. This was done by 
making use of Barkla’s’? data on relative ionization in air and ethyl 
bromide. On account of the difference in path in the ionization cham- 
ber of different pencils of the divergent beam of K-radiation it was 
necessary to integrate over the solid angle w to get the correction 
factor A’ for the K-radiation. The energy transformation coefficient 
¢, the fraction of energy absorbed by a small elementary volume of 
the radiator which is re-emitted as K-radiation is given by the fol- 
lowing expression 


Ar tseca /4 —l 
Oa [uf pe Be HRI | Al tifa. 
(43) 
0 


The integral accounts for absorption in the radiator of the exciting 
radiation before transformation and for absorption of the resulting 
K-radiation before emergence from the radiator. w is the solid angle 
subtended at the radiator by the window of the ionization chamber. 
u is the coefficient of absorption of the radiator for the exciting radia- 
tion. px is the coefficient of absorption of the radiator for its own 
K-radiation. A’c’is the total energy per second of K-radiation entering 
the ionization chamber, expressed in terms of the total ionization it 
can produce in air. Ac is the energy per second of the exciting radia- 


*C.G. Barkla, Phil’ Mag20, 372 (1910); 
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tion falling on the radiator, expressed in the same terms. JM is a cor- 
rection factor for absorption of the K-radiation in air and in the alumi- 
num window of the ionization chamber. { is the thickness of the radia- 
tor. x is the path in the radiator of the exciting radiation before trans- 
formation. ax is the path in the radiator of the resulting K-radiation 
before emergence. 

The ratio c’/c is given in Table I. The value of w is .030+.004. 
This is probably by far the least accurate factor entering into the de- 
termination of ¢. The values of w are from data of Richtmyer® and 
Hewlett.? Those of yx are from tables compiled by Ledoux-Lebard 
and Dauvillier.?® 

The amount of scattered radiation from the radiator entering the 
ionization chamber in position A is negligible. This is because of the 
fact that the coefficient of scattering is least at this angle (90°)" and 
that the shortness of the ionization chamber makes it relatively much 
more sensitive to the K-radiation than to the scattered radiations at 
the short wave-lengths. (It is only at short wave-lengths that the 
scattered radiation becomes important.) 

The experimental values of ¢ are given in Table II below. 


TABLE II 


Values of ¢, the ratio between the energy re-emitted as K-radiation by an elementary 
portion of the radiator to the energy absorbed by that portion from the incident or 
exciting x-radiation; and the values of the quantum transformation coefficient, u. 


Wave-length 


of incident Values of ¢ for 

x-radiation Ag Mo Lie Cu? Ni Fe 
.306A 398 264 es 021 
.359 .414 a3 .077 .066 Pada ete 
.466 V611 .488 . 160 5150 .090 .086 
.571 i .632 . 166 .163 Va .089 
.678 Xa any .220 .193 WM .103 
MEY, hegre See P25 .218 oh Mts} sb o4 
.887 a "Rese! S301 . 263 .210 .148 

Values of u a7 5 .83 .50 0435 .39 .33 


THE QUANTUM TRANSFORMATION COEFFICIENT, u 


If now we plot ¢ versus X, the wave-length of the incident x-radiation 
we find the relationship is apparently linear and the curves cut the 


8 F. K. Richtmyer, Phys. Rev. 18, 13 (1921). 

°C. W. Hewlett, Phys. Rev. 17, 292 (1920). 

10 R, Ledoux-Lebard et A. Dauvillier, La Physique des Rayons X. Paris (1921). 

11 Barkla and Ayers, Phil. Mag. 21, 270-278. 

2 At 385A G. E. M. Jauncey and O. K. DeFoe have found by a different method 
a single value of ¢ (for Cu) =.20 Proc. Natl. Acad. Sci. 11, 520-2 (1925). 
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horizontal axis at points in the neighborhood of the origin. This sug- 
gests the possibility that the ratio of the number of quanta transformed 
to the total number of quanta absorbed is the same for a given radiator 
at all frequencies and that the decrease in ¢ with increase in frequency 
of the absorbed radiation is due to the increase, with frequency, in 
the energy of the absorbed quantum while the energy of the re-emitted 
quantum remains unchanged. The failure of the curves to pass through 
the origin may then be ascribed to lack of perfect proportionality be- 
tween the calculated ionization and the energy of the radiation. If, 


Fig. 2. Relation between ¢ and the wave-length of general x-radiation absorbed 


by the specimen. 
Energy of K-radiation emitted 


~ Energy of general x-radiation absorbed 


now, the line be extended to the wave-length of the K-characteristic 
radiation it will represent an imaginary condition in which the absorbed 
quantum is equal to the re-emitted quantum and in consequence the 
ratio of the energy absorbed to the energy emitted will be equal 
to the ratio of the quanta absorbed to the quanta emitted. This 
quantity, w, has been derived from each of the curves in Fig. 2 and the 
values are shown in the last column of Table II. 

The values of w have been plotted against the atomic number of 
the element in Fig. 3. Since the K-absorption, for any given wave- 
length according to the formulas given by Richtmyer® for absorption 
coefficients above and below the K-limit, is about 87 percent of the total 
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absorption, we should expect 87 percent of the absorbed quanta to 
eject K-electrons and in consequence the same number of quanta of 
K-radiation to be re-emitted, i.e., w should by this reasoning be equal 
to .87. The author’s results, however, are in agreement with deter- 
minations of « by Barkla’ and by Kossel!* from data by Sadler." 
These have been indicated on Fig. 3 where the author’s values appear 
as circles, Barkla’s as squares and Kossel’s as crosses. Moreover, as 
indicated near the close of the paper in the determination of the 


20 26 32 38 44 50 


Fig. 3. Relation between ratio of quanta absorbed to quanta re-emitted and atomic 
number of element absorbing general x-radiation. 


fluorescent K-radiation from the target of an x-ray tube and also of 
direct impact K-characteristic radiation, the use of values of ¢ based 
on u=.87 leads to an amount of fluorescent K-radiation hard to re- 
concile with experimental data while the use of the observed values 
of ¢ gives very satisfactory agreement. This points to the possibility 
that, at least for metals of low atomic number, only one half or less 
of the absorbed energy goes into photo-electric ejection of K-electrons, 
13 C. G. Barkla, Phil. Trans. A217, 315-360 (1918). 


14 W. Kossel, Zeits. f. Physik 19, 333-346 (1923). 
16 C, A. Sadler, Phil. Mag. 18, 107-132 (1909). 
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or else that these electrons are replaced by some process which does 
not involve the expected K-radiation. In this connection attention 
is called to the recent work of Auger!® and of Bothe!” indicating a 
‘special inner absorption” of K-radiation by the parent atom, an 
absorption much more intense than the normal absorption by the 
substance, the energy leaving the atom in the form of a second ejécted 
electron. 
- DETERMINATION OF INDIRECT K-CHARACTERISTIC 
RADIATION FROM THE TARGET 


Unnewehr!® has given some data on the ratio of the intensity of K- 
radiation to general radiation from the target of an x-ray tube. From 
a copper target at 15,400 volts the ratio between the energy of the 
Ka-radiation entering the ionization chamber of a simple Bragg form 
x-ray spectroscope and the energy of the general radiation entering 
simultaneously he finds to be 11.2. For a silver target at 36,400 volts 
he finds this ratio to be 2.7. We are now in a position to determine 
from fairly reliable data the ratio between the energy of indirect or 
fluorescent Ka-radiation entering the ionization chamber and the 
energy of the general radiation entering simultaneously. By comparing 
the two ratios we may then determine what part of the Ka-radiation mea- 
sured by Unnewehr was fluorescent in origin, i. e., energy re-emitted by 
atoms of the target which have lost K-electrons by absorption of general 
x-radiation from other portions of the target. We will assume a general 
radiation curve J vs \ where, per unit volume of the target, J is the 
energy radiated having wave-length within a given range A to A+AX. 
We will further assume the mean depth of production of J to be given 
by the Whiddington law of electronic penetration—the depth at which 
the electron will have the same energy as the mean energy of the 
quantum of J. Since an error of 50 percent in the assumed depth of 
production will make a difference of only about 5 percent in the 
corresponding value determined for the fluorescent radiation this as- 
sumption of mean depth of production though not exact will certainly . 
not cause a very large error in our results. The values of the penetra- 
tion coefficients determined by Terrill® were used in the following work. 
It is now a simple matter to set up an expression for the energy of 
general radiation in a given wave-length range \ to A+AA from one 
elementary volume, dz, of the target which is absorbed in another 
element dr.’ Multiplying this value by ¢, the fluorescent energy 

16 P, Auger, Comptes Rendus 180, 65-68 (1925). 


17 Von W. Bothe, Phys. Zeits. 26, 410-412 (1925). 
18 EF. C. Unnewehr, Phys. Rev. 22, 529-538 (1923). 
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transformation coefficient from the curve of Fig. 2 gives the resulting 
fluorescent K-radiation from the second element, dr.’ A portion of the 
resulting radiation lies within the very small solid angle 6’w necessary 
for reflection from the crystal—this quantity must then be corrected 
for absorption in reaching the surface of the target. A further cor- 
rection factor R for absorption in air, reflection coefficient of the crystal, 
incomplete absorption in the ionization chamber, etc., is introduced. 
Its exact form is immaterial since identical corrections will apply to 
the general radiation entering the chamber with the K-radiation. 
It remains to integrate dr’ over that part of the target which contributes 
K-radiation to the beam reflected by the crystal and dr over the layer 
of the target in which the general radiation of range \ to A+Ad origi- 
nates. Since the Ka-radiation is 5/6 of the total K-radiation!® we have 
for the energy of fluorescent Ka-radiation 


6’ ot Bs tR rer aa 
Die fa fi ff ween 


The summation is over all wave-length ranges AX for ) less than the 
wave-length of the K-absorption limit of the target. dr=ds dx and 
dr'=trdrd@. yd is the depth of dr below the surface. e(nd—x) is 
the path of secondary x-rays from d7’ to the surface. s is the slit-width 
of the narrower slit of the collimator. h is the height of section of the 
focal spot of the target. By a change of variable u=yV 72+? this 
reduces to 


5 6’w thsR nd 


(i eas a Ap —Eiluxjene) de (3) 
6 Ar fe 


Tables for the Ez-function are given by Glaisher.4? We wish to com- 
pare Ex, with the energy of the general radiation entering the ioniza- 
tion chamber at the same time. If we have so chosen Ad that it is equal 
to the complete range of wave-lengths entering the ionization chamber 
when it is set on the peak of the Ka line we may designate the value 
of I for this band Ig. The energy from an element dr will then be [¢dr. 
The energy reaching the ionization chamber is given by 


6’w 60 
Ec= i RIg—- ——e-#'enl'dr (4) 
Aé 


Ar 


where 66 is the angle subtended at dr by the slits of the collimator, 
A@ is the maximum value of 60, end’ is the mean path of x-rays before 
emergence from the target, and 60 and A@ may be expressed in terms 


19 J. W. L. Glaisher, Phil. Trans. 109, 367-387 (1870). 
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of the dimensions of the collimator and its distance from the target. 
The ratio Ex./Eg¢ has been calculated for copper and silver from the 
above expressions. 

Assuming similar ideal general radiation curves for silver at V= 
36,400 volts and copper at V=15,400 volts in each case with the 
“cut off’? point as prescribed by the condition himaz= Ve and the-peak 
at the position vy =Vmaz/1.5 we have the following for the two ratios 


Exe _ Expected indirect K-radiation 


Eg ~ General radiation entering ionization chamber with it? 


For copper Ex./Eg¢=5.03/.54=9.3. Unnewehr finds this ratiOuia 
so that we have accounted for about 83 percent of the Ka-radiation. 
For silver Ex,/Eg=12.6/4.8=2.62. Unnewehr finds this ratio to be 
2.7 so that in the case of silver we have accounted by this method for 


97 percent of the Ka-radiation. 

The discrepancy between the results for the two metals suggests 
that direct impact characteristic radiation may play a more important 
role in the case of copper than it does in the case of silver. 


EsTIMATE OF Direct Impact K-CHARACTERISTIC 
RADIATION FROM THE TARGET 


A relative measure of the direct impact K-radiation is given by the 
probability that an electron of given initial velocity will approach 
close enough to a K-electron, before its energy has been reduced below 
the K-quantum, to lift it entirely out of the atom. This is the condi- 
tion for direct K-characteristic radiation. To satisfy this condition the 
path of the electron must lie within a distance p of the K-electron 
where p is given by the expression” 


E 
hy = —_—___—_ (5) 
k 1+ p?E?/e4 


where hv; is the energy necessary to lift out the K-electron, E is the 
energy of the impacting electron, and e is the electronic charge. 


20 It may be shown that if a body of mass m and charge e moving with velocity v 
approaches another body of mass m and charge ¢ at rest that the second body will acquire 
a velocity u given by 

u=v/V 1+(p2/e4) (4m) (6) 
where p is the perpendicular distance from the line of flight of the first particle to the 
second. This is derived by the mechanics of two bodies acting by the inverse law of 
force. Squaring and multiplying each member by 3m and setting 3mv?=E and letting 
the energy acquired by the second body be 4mu?=hv, we have Eq. (5) above. The author 
is indebted to Prof. Bergen Davis for Eq. (6). 
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For an impacting electron of a given initial energy Ey the probability 
that it will lift out a K-electron is clearly the ratio of the sum of the 
areas of all circles of radius p about the K-electrons to the total area 
of the target face. The value of this ratio is 


(7) 


where # is the Whiddington coefficient of penetration in the expression 
V.2=Vo?—Bx, Vo is the energy in abvolts of the penetrating electron, 
Vx is the energy just sufficient to lift out a K-electron. e is the elec- 
tronic charge, and is the number of atoms per cc in the target. 

Substituting appropriate values for the two cases investigated above, 
silver at Vo =36,400 volts gives .00028 and copper at V)=15,400 volts 
gives .00108. We should expect then about four times as many quanta 
of direct K-radiation from copper at 15,400 volts as from silver at 36,400 
volts. In terms of energy we should expect 1.4 times as much energy 
from the copper as from the silver. In view of this it seems obvious 
that the greater part of the K-radiation is not direct impact radiation 
as Beatty claims for how then explain that the observed ratio of Ka- 
radiation of copper and silver for the above voltages is 6 to 13 when 
from the calculation above it should be 1.4 to 1? On the other hand 
we now can explain the fact that our calculated value for the Ka- 
line of copper was too low if for metals of low atomic number the direct 
K-radiation forms a considerable part of the total K-radiation but for 
metals of high atomic number the direct radiation becomes relatively 
of much less importance. This may be the explanation for the failure 
of molybdenum and silver to show increase in radiating efficiency in 
the curves for total energy as found by Brainin. 

Returning to Unnewehr’s data and our calculated values of Ka- 
radiation we have the following: 


TABLE III 
Target Cu Ag 
Tube voltage 15,400 36,400 
Total Ka-radiation (Unnewehr) 6.0 25.0) 
Indirect (fluorescent) Ka-radiation 5.03 iG 
Difference = direct impact Ka-radiation 1.0 A 


The ratio 1.0/0.4 =2.5 is in good agreement with the expected value 1.4. 

As suggested above we may now make use of these results to check 
the validity of our determination of ¢, the fluorescent energy trans- 
formation coefficient. If we use in place of ¢ in the calculation of in- 
direct K-radiation from the target a value of the transformation co- 
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efficient derived from the assumption that u=.87 we shall have to 
substitute in Table III above 10.1 and 14.6 for the energy of the 
fuorescent Ka-radiation of copper and silver respectively. These values 
are actually larger than the total Ka-radiation observed by Unnewehr 
and copper now shows relatively more indirect radiation than silver. 
This leaves no room for any appreciable amount of the direct impact 
radiation which seems necessary to explain Brainin’s results referred 
to in the preceding paragraph. These facts then seem to point to the 
reliability of the observed values of u as given in Table II. 


CONCLUSIONS 


It seems established that for any given element the ratio between 
the number of quanta of x-rays of any wave-length absorbed to the 
number of quanta of secondary K-characteristic x-rays emitted is a 
constant. Experimental values indicate that this quantum transforma- 
tion coefficient is much less than unity and increases markedly with 
atomic number. This increase is further indicated by the comparison 
of calculated with observed values of K-radiation from the target of 
an x-ray tube. For copper and probably other elements of low atomic 
number a considerable part, but probably much less than fifty percent, 
of the K-radiation originates from direct impact of the cathode elec- 
trons. For silver on the other hand, and probably other elements of 
high atomic number, a very small part of the total K-radiation has 
such an origin. 

I wish to express my appreciation for the interest and help of 
Professor Bergen Davis who suggested this research and under whose 
direction it was performed. Grateful acknowledgement should also — 
be made to the Westinghouse Laboratories at Bloomfield, N. | Aor 
the water-cooled tungsten tube used in the research. 
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A SPECTROGRAPHIC EXAMINATION OF THE STRIATED 
DISCHARGE IN MIXED GASES* 


By Davin A. Keys Ann M.S. Home 


ABSTRACT 


The present paper contains the results of a spectroscopic examination of the 
striated discharge in (1) a mixture of nitrogen and hydrogen, (2) a mixture of 
helium and hydrogen. Spectrograms were taken of the light emitted by the 
negative glow and by the striations respectively. The electronic energies in 
the different regions of the discharge are interpreted from these spectra in much 
the same manner as that first suggested by Seeliger and now used by astro- 
physicists to determine the extent of ionization in different stars and in various 
levels of the sun’s atmosphere from the spectra of their regions. In the nitrogen 
mixture the Balmer lines and the nitrogen bands 4708, 4278 and 4236 were 
found to appear in the negative glow but to be absent from the striations. 
Interpreting this result in terms of electronic energies (or equivalent quanta, if 
radiation) there are relatively few electrons possessing energy equivalent to 
15.5 volts in the striations though the potential applied to the discharge tube 
was about 1100 volts. In the mixture of helium and hydrogen, the Balmer lines 
are strong in the striations but relatively weak in the negative glow. The line 
spectrum of helium was strong in the negative glow but weak or absent in the 
striations. The mercury arc lines were equally strong in both parts of the 
discharge. In terms of electronic energies, these results mean that there are 
relatively few electrons possessing energy equivalent to 25.3 volts in a stria- 
tion but plenty possessing energies of 10.4 and 15.5 volts. An explanation 
is suggested of the change in intensity of certain lines in mixtures of different 
gases. 


HE following experiments are acontinuation of a former paper,’ in 

which the spectra from the different regions of a striated discharge 
are examined with a view to determining (I) the relative concentration 
of the different atoms and molecules in the various excited states and 
(II) the distribution of potentials or electronic energy in the same re- 
gions. The distribution of potential and the electric field in different 
parts of a striated discharge have been measured by many investigators. 
The various methods which have been used may be classified under the 
following four groups: (A) the exploring electrode,’ (B) the cathode 
ray beam,’ (C) the Stark effect,! (D) the hot and cold sounding probe 


* Read in abstract, Kansas City Meeting of the American Physical Society, Decem- 
ber, 1925. 

1D. A. Keys, Trans. Roy. Soc. Canada 19, 143 (1925). 

2 J. J. Thomson, ‘‘Conduction of Electricity through Gases.’’ 2nd Edition p. 528. 

3 J. J. Thomson, Phil. Mag. 18, 441 (1909); F. W. Aston, Proc. Roy. Soc. A. 

4 E. Brose, Ann. d. Physik 58, 731 (1919). 
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method due to Langmuir.’ The unreliability of A and the limitations 
of B and C are quite evident. The presence of the probe in those ex- 
periments in which the Langmuir method has been used, has been 
found not to distort the field appreciably. In these cases the current 
density has been comparatively large. But in discharges of small 
current densities such as are used in the present paper any obstruction 
in the path of the discharge is more liable to alter conditions. More- 
over, under the conditions of the experiments to be described, the dis- 
continuities in the current potential curves obtained by the Langmuir 
method would be very difficult to designate with accuracy. The method 
adopted in this paper was therefore similar to that used by Seeliger,® 
who observed the variation in intensity of certain spectral lines in 
different regions of a glow discharge. The light emitted by different 
regions of the discharge was photographed with a spectrograph and 
from the nature of the spectra the potentials or electronic energy 
necessary to produce the lines determined.* The gas is thus made to 
reveal its own condition and the potentials are determined in much 
the same manner as that used by astrophysicists’ to determine the ex- 
tent of ionization among the different atoms in the various stars and 
in the different depths of the stellar atmosphere of the same star, by 
examining the light which they emit or absorb. The method is limited 
by our knowledge of excitation and ionization potentials but some 
information may be obtained when these potentials are known. One 
of us has already pointed out some differences in the spectra from 
different parts of a single striation and the negative glow in the case 
of hydrogen.1 The present paper contains the result obtained from 
the examination of (i) a mixture of nitrogen and hydrogen and (ii) 
a mixture of helium and hydrogen. 


APPARATUS 


The apparatus used was similar to that described in an earlier paper,’ 
consisting of a glass tube about 95 cm long and 5.5 cm in diameter, 
fitted with parallel plane aluminium electrodes. The potential difference 
between the electrodes was about 1100 volts and the current about 
10 milli-amps. supplied by an Evershed and Vignolles direct current 
generator. The spectrograms were taken with a Hilger constant de- 

5]. Langmuir, J. Frankl. Inst. 196, 751 (1923). 

6 R. Seeliger, Ann. d. Physik 67, 352 (1922). 

* It has been suggested to the authors that the Langmuir probe method might have 
been used to measure the velocity distribution and thus directly test the relation sug- 


gested. We hope to try this later. 
7 Saha, Proc. Roy. Soc. A99, 136 (1924). 
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viation glass spectrograph. The tube was exhausted by a Hyvac oil 
pump and a charcoal tube cooled with liquid air. The gases were dried 
with phosphorus pentoxide and the discharge tube was washed out 
thoroughly several times with the gases before a photograph was taken, 
the discharge passing through each rinsing in order to remove as much 
as possible of the ‘‘residual” gases from the electrodes. No attempt 
was made to bake the tube or the electrodes. 


OBSERVATIONS 


Nitrogen and hydrogen. The nitrogen was prepared by heating a 
solution of potassium nitrite and ammonium chloride, the gas 
being purified by passing it over heated copper turnings to remove any 
trace of oxygen present and over phosphorus pentoxide to remove the 
water vapor. Some observations were first made on the relation be- 
tween the current and the applied potential. It was found that at a 
certain potential the current rose rapidly without any change in po- 
tential, the pressure of the gas being about 0.01 cm of mercury. On 


xP) 
co 
in 
tO 
negat ive glow 
striation 


rt © wo 
oO O 
oO N 
i b 


Fig. 1. Spectrogram of the striated discharge in a mixture of nitrogen and hydrogen. 


reducing the potential the current did not fall to its former value, 
confirming Olsen and Young’s observation,® who attribute this fact 
to the charging up of the walls of the tube. The potential was then 
kept constant at about 1100 volts and spectrograms were taken of the 
light emitted by the negative glow and by a striation. The results 
are shown in Fig. 1. It will be seen that the lines Ha and HG come out 
strongly in the negative glow but are absent in the striation. To 
produce the Balmer lines from molecular hydrogen requires 15.5 volts 
and to produce the negative bands in nitrogen requires 17.75 volts.? 
It therefore appears that there are no electrons present in the striation 
possessing energy equal to 15.5 volts, though the potential between the 
ends of the tube is 1100 volts. If we assume a Maxwellian distribution 
for the energy of electrons, the results show that the center of this 


8 A. R. Olsen and T. F. Young, Phys. Rev. 25, 58 (1925). 
9 E. E. Witmer, Phys. Rev. 26, 780 (1925). 
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distribution corresponds to an energy less than 15.5 volts in the 
striation. 

Helium and hydrogen. Helium with a small trace of hydrogen was 
now used in the tube. Some interesting changes in the nature of the 
discharge were noticed during this washing. When the striations were 
first formed they were not equally spaced, the distance between the 
striae near the anode being only about one-half that between those 
near the cathode. A stria would appear to vanish in the middle of 
the positive column without any visible effect on its neighbors. The 
phenomenon lasted about a minute and was not observed in any sub- 
sequent work. This effect is attributed to nitrogen liberated by the 
electrodes. On commencing the discharge the striae were formed at 
once but were not clearly defined. After about ten minutes they be- 
came quite sharp but in an hour they commenced to degenerate into 
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Fig. 2. Spectrogram of the striated discharge in a mixture of helium and hydrogen. 


the continuous positive column and after two hours the column was 
continuous except for two striations near the cathode end. The current 
was then raised from 10 to 12 milli-amps. and in a few minutes the 
striae returned to their former sharpness. This was repeated several 
times during each washing. No visible change in pressure could be de- 
tected with the McLeod gauge during this degenerating process. All 
traces of nitrogen were finally removed and after leaving the tube 
connected for three hours with the charcoal tube cooled with liquid 
air, the discharge settled down to a steady state, a trace of mercury 
vapor and hydrogen being the only impurities present. A typical 
spectrum of the negative glow and of a striation is shown in Fig. 2. 
Table I gives some of the principal lines and their relative intensities 
measured in these photographs. The notation is that used by Fowler.”® 


10 A. Fowler, ‘Report on Series in Line Spectra.” 
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The table shows that the line spectrum of helium is strong in the 
negative glow but it is practically absent in the striation, the only 
series which show any tendency to persist being the 1S—mP and 
1ar— m6. 

From these sepectrograms we see that the helium lines are strong 
in the negative glow and very weak or absent in the striation. The 
hydrogen Balmer lines however are strong in the striation and weaker 
in the negative glow. This is just the reverse of what is the case when 
hydrogen alone is used.!. The mercury lines 5461, 4358 and 4047 are 


TABLE [| 
Lines in the spectra of the negative glow and of the striations, Helium and hydrogen mixture. 
Series type Wave-length Negative glow Striation 
1S-2P 5015 Strong Fairly strong 
1S-3P 3965 Weak Absent 
1P-2D 6678 Strong Very weak 
1P-3D 4922 Strong Very weak 
1P-4D 4387 Strong Very weak 
1P-5D 4144 Weak Very weak 
1P-3S 5048 Strong Absent 
1P-4S 4437 Strong Absent 
17-26 | 5876 Strong Weak 
17-36 4471 Strong Weak 
17-46 4026 Strong Absent 
17-30 4713 Strong Very weak 
17-40 4120 Weak Absent 
Ha 6563 Very weak Strong 
HB 4861 Fairly strong Strong 
Hg 5461 Strong Strong 
4358 Strong Strong 
4047 Strong Strong 


equally strong in both parts of the discharge. Interpreting these results 
in terms of electronic energies, we see that relatively few electrons have 
energy equivalent to 25.3 volts in the striation but that a large number 
have energy equivalent to 10.4 volts (to produce the mercury lines) and 
15.5 volts to produce the Balmer lines. 

In contrast to the behavior of hydrogen in nitrogen, the Balmer 
lines Ha and Hf in the mixture of hydrogen and helium are much 
fainter in the negative glow than in the striation. Furthermore, the 
two lines in the latter case show a curious reversal of intensity in the 
negative glow. Ha is very faint while H@ is much stronger though 
the normal intensity of Ha is greater than that of H@. It appears that 
the presence of helium in some way prevents the excitation of these 
two Balmer lines in the negative glow and enhances them in the stria- 
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tions. Merton and Pilley!! have shown that the presence of helium 
at high pressures increased the intensity of the N* lines in the positive 
column and McLennan and Shrum®” found that the presence of helium 
or neon brought out the famous green line 5577 in oxygen. Now we 
have shown that the Balmer lines are affected in the same manner, 
and the same explanation may be applied to their experiments as to 
ours, namely that the inert gases cause a redistribution of the electronic 
energy so that the maximum energy occurs in a region which will excite 
these lines in all three cases just cited. Compton’ has given an ex- 
planation of Merton and Pilley’s results as being due to optical ex- 
citation by collisions of the second kind. According to the theory of 
Klein and Rosseland, the probability of such excitation taking place 
decreases as the difference between the energy of the excited atom 
and that required to excite the second atom increases. The difference 
between the excitation potential of Ha and H@ is very small, and, 
though the probability of H8 being optically excited by the excited or 
ionized helium in the negative glow is greater than that of Ha, the 
difference in this probability seems hardly sufficient to account for 
the result that Hf is so much stronger than Ha. Hughes and Klein 
have shown that the fraction of the collisions of electrons with atoms 
and molecules which result in zonization increases to a maximum and 
then decreases as the energy of the electrons increases. On the supposi- 
tion that the Ha and Hf lines are excited directly for the most part 
by electrons, this reversal of intensity of Ha and Hf in the negative 
glow would mean that the Maxwellian distribution of energy among 
the electrons in the negative glow has a maximum which has a higher 
energy value that that required to excite the Ha line. In a discharge 
tube using a hot cathode and a mixture of mercury vapor and hy- 
drogen, Turner and Compton have shown that the arc spectrum of 
mercury is emitted both from the negative glow and from a striation, 
and Compton, Turner and McCurdy" found no trace of the hydrogen 
lines in the striations in a similar experiment, while the Hg bands were 
found in the striations. This is a result similar to the behavior of hydro- 
gen as found in our experiments. Work is being continued using still 
larger discharge tubes and different gasseous mixtures to see how the 


1 T. R. Merton and J. C. Pilley, Proc. Roy. Soc. A107, 411 (1925). 

22, J.C. McLennan and J. M. Shrum, Proc. Roy. Soc. A 108, 501 (1925). 

13K, T. Compton, Phil. Mag. 50, 512 (1925). 

M4 A. L. Hughes and E. Klein, Phys. Rev. 23, 450 (1925). 

1 L. A. Turner and K. T. Compton, Phys. Rev. 25, 606 (1925). 

1K. T. Compton, L. A. Turner and W. H. McCurdy, Phys. Rev. 24, 597 (1924). 
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distribution is affected by the diameter of the tube, the different gases 
present and their relative concentrations. 


CONCLUSION 


1. Spectrograms have been taken of the negative glow and of a 
striation in mixtures of (i) nitrogen and hydrogen (ii) helium and 
hydrogen. 

2. In the case of the nitrogen mixture, the Balmer lines Ha and H8 
and the nitrogen bands 4708 and 4278 appear in the negative glow, 
but are absent from the striation. 

3. In a mixture of helium and a trace of hydrogen the helium 
line spectrum is strong in the negative glow but weak or absent in 
the striations. The hydrogen lines are strong in the striations but 
relatively weak in the negative glow. The mercury lines are strong 
in both parts of the discharge. Ha is much weaker than H@ in the 
negative glow. 

4. A method of interpreting the electronic energies in different parts 
of the discharge-from the spectra emitted has been followed. On this 
hypothesis there are relatively few electrons possessing energy equiva- 
lent to 15.5 volts in the striations in the nitrogen mixture. Also in 
the case of the helium mixture, a relatively small number of electrons 
have energy equivalent to 25.3 volts, but there are plenty with energies 
equivalent to 10.4 and 15.5 volts in a striation. 

5. An explanation of this change in the distribution of the intensity 
of certain lines in mixtures of gases is suggested on the supposition 
of a change in the position of the peak of the Maxwellian distribution 
of energy among the electrons. 


THE MacDona.p Puysics BUILDING, 
McGILL UNIVERSITY, 
February 15, 1926. 
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THE FORMATION OF NEGATIVE IONS IN MERCURY VAPOR 
By WALTER M. NIELSEN : 


ABSTRACT 


The method used is similar to that of Mohler. Electrons, projected along 
the axis of a tube between two plates were prevented from scattering by a 
magnetic field of 350 gauss parallel to the axis of the tube. Negative ions 
formed by the attachment of an electron to an atom or toa molecule were re- 
moved by suitable potentials applied to the side plates. The remainder of the 
current reached a circular plate at the end of the tube. With a small field be- 
tween the side plates, the negative ion current was just barely observeable 
(11079 amperes). With higher fields the ion current increased enormously, 
approaching saturation when the potential difference between the side plates 
was increased to between 3 and 4 volts. In this report the ion currents were of 
the order of 9X10-% amperes. The total current was of the order of 11077 
amperes. 

The ratio between the negative ion and total current decreases with increase 
in the driving potential for low voltages, but increases at 2.1, 4.45 Sen 
88 volts. The decrease at low potentials is similar to the results of Mohler 
in other gases and vapors. The cause of the break at 2.7 volts is not known. 
The breaks at 4.7, 5.5, and 8.8 volts are believed to be associated with the 
electronegative properties of the mercury atom having an electron in a metas- 
table orbit. The total current rises rapidly with increase in the driving potential 
and decreases at 4.9 and 6.7 volts. 


INTRODUCTION 


L. MOHLER! has recently published a report on the production 
® of negative and positive ions in a number of vapors and gases 
including mercury vapor. He projected a beam of electrons along 
the axis of a cylinder in an approximately equipotential region with 
a magnetic field of 100 gauss parallel to it. He then applied a positive 
or negative potential of one volt to the cylinder, measuring in each 
case the negative or positive current to it. He concluded that under 
the conditions of his experiment, the number of negative ions formed 
at low pressure was small compared to the number of positive ions 
formed above the ionization potential. No negative ions were observed 
in mercury vapor for impinging electrons having speeds less than 
10.4 volts. 
The present investigation is concerned with a somewhat similar 
attempt to study the formation of negative ions in mercury vapor. 
Under conditions which are believed to approximate those in the above 
work, similar results were obtained, but under different conditions, 


* F. L. Mohler, Phys. Rev. 26, 614-624 (1925). 
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results were obtained which are regarded as evidence for the existence 
of negative ions of mercury vapor. 


EXPERIMENTAL APPARATUS 


The apparatus and electrical circuit are shown in Fig. 1. Electrons 
from a filament F were projected along the axis of a Pyrex tube by 
means of a potential Vr between the filament and a diaphram C. 
Two plates, P: and P:2, were placed in a skew position as shown. 
Electrons were prevented from reaching them by placing the tube 
in the core of a solenoid so that the lines of force in the region between 
C and a circular plate P3; were parallel to the axis of the tube. The 
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Fig. 1. Apparatus and electrical circuit. 


intensity of the field was about 350 gauss. Outside the plates Pi 
and P, and next the glass wall was a grounded gauze to eliminate 
extraneous surface potentials. All metal parts with the exception of 
the tungsten filament were of copper. The filament assembly was 
provided with a ground glass joint and mercury seal to facilitate re- 
placement. The source of electrons was a tungsten spiral of one loop 
placed so that its elements were perpendicular to the axis of the tube. 

Galvanometers and suitable sources of potential were connected 
to the plates Pi, P2, and P3. V3 was generally a fraction of a volt 
higher than Vj, both being positive with respect to C. Under such 
conditions, electrons brought to rest as the result of inelastic collision 
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would be attracted downward and would not therefore have a tendency 
to diffuse from the center of the tube as apparently occurred in the 
experiments of Richardson and Chaudhuri.’ The galvanometer Gi 
measured the current 7; due to the negative charges which were able 
to drift to P; in spite of the magnetic field. This current increased 
rapidly with increase in the electric field between the side plates so 
that it was necessary to apply to them a potential difference of between 
3 and 4 volts to attain saturation. The galvanometer G2 was intended 
to measure the positive ion current 72. The galvanometer Gs measured 
the negative current 73. 

The vapor pressure in the tube was about .003 mm of mercury, 
a pressure corresponding to the temperature of the mercury seal during 
the observations. 


RESULTS AND DISCUSSION 


With a low filament temperature, readings were taken simultaneously 
of 71, i2, and 73, for different values of the driving potential. In most 
of the present work G2 was used to indicate the ionization potential 
only. Dividing the current to P; by that reaching P; and P3, a fraction 
R is obtained which gives the ratio between the negative ion and total 
current. If, as in this report, the negative ion currents are saturation 
currents, this number is proportional to the number of negative ions 
formed per unit electron current. The results are shown by the curve 
of Fig. 2. In this case, Vi was 3 volts, V3 was 3.2 volts and V2 was 
zero. The potentials are corrected for initial velocity, etc., assuming 
the ionization potential of mercury to be 10.4 volts. The ion current 
was of the order of 9X107® amperes and the total current was of | 
the order of 1107’ amperes. 

The curves shown in Fig. 2, as well as those in Fig. 3 and Fig. 4 to 
follow, are representative of several taken over the same range under 
approximately the same conditions. While the currents vary some- 
what because of differences in the intensity of the magnetic field, the 
critical points are all reproducible with the exception of a kink on the 
ratio curve at 7.7 volts, which did not appear on some of the curves. 
It did not appear on the curve of Fig. 2. It is quite astonishing that 
the breaks are so definite in view of the relatively large potentials on 
P, and P; which would be expected to blur out the effects. The fact 
that changes in these potentials did not produce marked changes in 
the critical points was proved experimentally. A change in the poten- 


° Richardson and Chaudhuri, Phil. Mag. 45, 337-52 (1923). 
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tial difference between P; and Pz, of 1 volt, lowered the value of Vr 
necessary to produce ionization by .1 volt. 

That the currents observed above are in some way due to the pres- 
ence of the mercury vapor was proved by removing the vapor. Carbon 
dioxide snow was applied to the mercury trap while the tube and con- 
necting glassware were heated. After a few hours it was found that 
the negative ion current had been reduced to such an extent as not 
to be detectable with the galvanometer used. That such observed 
currents are due to electrons which have collided a number of times 


-Ve Volts 


Fig. 2. Variation of the ratio of negative to total current with accelerating potential. 
V,=3.0 volts, V2=0.0 volts, and V3=3.2 volts. ES 


is quite improbable because of the low vapor pressure and because the 
experimental conditions, to some extent, prevented electron diffusion. 
One would expect that some of the electrons deflected in such a manner 
would have energy corresponding to Vy. To test this point, with Vi 
and V2 equal to zero, and with V3 equal to 1.1 volts, it was found that 
the current to P,; was not detectable for all values of Vr below the 
ionization potential. Indeed, it must be emphasized that it was neces- 
sary that V be of the order of 2 or 3 volts positive in order to attract 
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the negative charges to P; and cause currents of the order of 9X107° 
amperes as observed above. Whether or not Mohler’s failure to ob- 
serve these negative charges is due to this fact, is not known. In neither 
case do the electric fields lend themselves to computation. With a 
potential of 1 volt positive on Pi, the negative ion current was barely 
observable, being about 1X107!° amperes. The radius of curvature 
of a 10 volt electron traveling initially at right angles to the axis of 
the tube in a magnetic field of the order used is about .6 mm. It seems 
unlikely, therefore, that the increased potential of Pi would increase 
electron scattering to the walls. Because of the above facts, it seems 
necessary to believe that it is possible under certain circumstances 
for an electron to attach itself to a mercury atom or molecule. 

The decrease in the ratio curve of Fig. 2 is similar to the effect ob- 
served by Mohler! in other gases and vapors. To explain this, he as- 
sumed that only slowly moving electrons attach themselves to mole- 
cules to form negative ions. At potentials equal to potentials of in- 
elastic collision he observes an increase in the negative ion current in 
agreement with his theory. Accepting this view, one would expect 
an increase in the ratio curve at 4.9 volts in mercury vapor. That no 
kink was observed, may be due to the fact that the resolving power of 
the apparatus was not sufficient to distinguish it from an effect setting 
in at about 4.7 volts. The increase at 2.7 volts cannot be correlated with 
the critical potentials of the mercury atom. Possibly it is of molecular 
structure, although mercury vapor is generally regarded as monatomic. 
The mercury atom is known to have two metastable orbits correspond- 
ing to about 4.7 and 5.5 volts. The 23 orbit has a computed energy 
of 4.66 volts and the 2p; orbit has a computed energy of 5.43 volts. 
Critical potentials at 4.68 and 5.47 volts have been observed by Franck 
and Einsporn.* There is evidence that an excited atom possesses an 
electron affinity and hence tends to form negative ions.* Because of 
these facts, the breaks in the ratio curve at 4.7 and 5.5 volts have been 
interpreted as being critical potentials for the formation of negative 
ions of mercury vapor. The rise in the curve at 8.8 volts may be inter- 
preted to support that view. Franck and Einsporn® list a number of 
levels which they associate with an observed critical potential of 
8.8 volts. The levels 31, 3d, 3d2, 3d3, and 3P have computed poten- 
tials ranging from 8.79 to 8.82 volts. While some of these levels are 


3 Franck and Einsporn, Zeits. f. Physik 2, 18-29 (1920). 

4 See for example Franck and Grotian, Zeits. f. Physik 4, 89-90 (1921); Compton, 
K. T., Lilly, E. G., and Olmstead, Phys. Rev. 16, 282-289 (1920); Davis, A. C., Proc. 
Roy. Soc. 100A, 599-620 (1922). 
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metastable, those which are not, revert to levels of lower energy by 
the emission of mono-chromatic radiation. In particular, some of them 
will return to the 26; and 23 orbits, making the atom susceptible 
to the formation of a negative ion. An increase in the ratio of negative 
ion to total current would therefore be expected from this view-point 
when the impinging electron is able at collision to remove the valence 
electron to the 3;, 3d1, 3d2, 3d3, and 3P levels. Since an additional 
electron is necessary for the formation of a negative ion, it seems quite 
possible that the impinging electron having lost all of its energy, 
would remain attached to the atom or molecule with which it collided. 
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Pig. 3. Variation of total current with accelerating potential. Vi, V2, and V3, 
same as in Fig. 2. 


Fig. 3 gives the variation of the total current with the driving po- 
tential. The two breaks in the curve at 4.9 and 6.7 volts correspond 
to the two prominent resonance potentials of the mercury atom. That 
the negative ions were instrumental in decreasing the total current 
is shown by the curves of Fig. 4, which show the variation in the total 
current for different positive potentials on P3. In A, Vs was 0 volts, 
in B, V3 was 1.1 volts, and in C, V3 was 3.2 volts. The fact that curve 
A shows no breaks may be attributed to the fact that possibly under 
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such conditions very few of the electrons have energies corresponding 
to Vr because of space charge. With higher values of V3, such as with 
Band C, the total current rises more rapidly but then seems to drop off in 
the region in which large numbers of slowly moving ions are formed. 
If now a potential is applied to P:, such as in curve D of Fig. 4 and in 
the curve of Fig. 3, the total current is enormously increased, particu- 
larly in the region of 5 and 6 volts. In the case of curve D, Fig. 4, prac- 
tically none of the negative ions reached P,, although apparently 
some of them have been removed to a more ineffective part of the tube. 
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Fig. 4. Variation of total current with accelerating potential. V;=0.0 volts, Ve= 


0.0 volts, in A, B, and C. In A, V3=0.0 volts, in B, V3=1.1 volts, and in C, Ve=3.2 
volts. In D, V,=1.1 volts, V2=0.0 volts, and V3=3.2 volts. 


The drop in the curve at 5.5 volts may be associated with the increase 
in the ratio curve of Fig. 2 at about this potential. In the case of Fig. 3, 
however, the abrupt increase in the total current at this potential as 
well as at 8.8 volts are difficult to reconcile with the present inter- 
pretation of the data. 
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It is hoped that work now in progress with a tube of greater resolving 
power will furnish additional information on the current voltage char- 
acteristics of the electron beam and on the nature of the break at 
2.7 volts. 

The writer acknowledges with pleasure the encouragement and 
advice of Professor John T. Tate. 


PHysICAL LABORATORY, 
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PROBABILITY OF IONIZATION OF GAS MOLECULES BY 
ELECTRON IMPACTS. II CRITIQUE 


By K. T. Compton AND C. C. VAN VoorHIS Z 


ABSTRACT 


Corrections to results of Hughes and Klein. Three sources of error are 
found and approximate corrections for them determined. They are (1) an 
effect of the electric field on the effective area of holes in the grid through 
which the primary electrons pass, which introduces corrections varying from 
—18 percent at the lowest voltages to +14 percent at 300 volts; (2)presence 
of slow secondary electrons and lack of uniform velocity of electrons in the 
primary electron stream, which necessitate additive corrections ranging from 
30 to 50 percent; (3) warming of the gas by the filament, necessitating an 
additive correction of 12 percent. Correction to our previous results. Owing to 
lack of uniformity of velocities of electrons in the primary electron stream, we 
must add corrections of 24 percent at 45 volts, 11 percent at 100 volts and 
9 percent beyond 125 volts. With these corrections the results from these 
two sets of experiments are in fair agreement. Curves show the final values 
for the probability that an ionizing collision will be made in a cm path in the 
gas at 0.01 mm pressure and 25°C by an electron of any speed up to 400 volts 
in He, Ne, A, Ho, Nz, Hg, HCl, and also for the probabilities of ionization 
at an impact in these gases. 


Sree attempts have been made to measure directly the average 
ionization per centimeter path by an electron moving with known 
speed through a gas at definite pressure, leading to calculations of the pro- 
bability of ionization at a collision as afunction of the speed of the electron 
and the nature of the gas. Of the three recent investigations of this 
subject, two! are in qualitative agreement with each other and with 
earlier work,? while the third? presents unique results. The present — 
paper is devoted to an investigation of sources of error inherent in 
the methods which have been used and to the correction of previous 
results. 

In our earlier paper we pointed out that our values for probability 
of ionization could hardly be too large, owing to the rather direct 
method of making the measurements. Since the values reported by 
Hughes and Klein were much smaller than ours (25 to 40 percent), 
we constructed and tested an apparatus built to duplicate as nearly 
as possible the essential features of their apparatus and found inherent 


1 Hughes and Klein, Phys. Rev. 23, 450 (1924); Compton and Van Voorhis, Phys. 
Rev. 26, 436 (1925). 

2 Lenard, Ann. der Physik. 12, 474 (1903); 15, 484 (1904); Kossel, Ann. der Physik 
37, 393 (1912); Mayer, Ann. der Physik 45, 1 (1914). 

* Jesse, Phys. Rev. 26, 208 (1925). 
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in their method two considerable sources of error which, together with 
a third error mentioned in our preceding paper, explain the low values 
obtained by them. The filament F, grid G and plate P were similar 
to the electrodes used by Hughes and Klein, but the collector C was 
added for reasons which will be apparent. In particular the holes in 
the grid were made of the same size as those in Hughes and Klein’s 
apparatus. 

Hughes and Klein measured the ionization by the positive ion 
current to P when a field V; greater than the accelerating field V, 
was applied to prevent the primary electrons from the filament from 
reaching it. In order to measure the primary current through the grid, 
they reversed the field V; into the direction V2 and measured the 
electron current to P. This current increased slowly linearly with V, 


CS Ga 


Vv 
=|" : 
| am galuanometer 


Co galvanometer 


Fig. 1. Apparatus for measuring probability of ionization by the method of Hughes 
and Klein. The collector C was added to permit measurement of primary electron 
current. 


for values of V2 greater than V., and they assumed that by extra- 
polating this back to the field V; they would find the primary current 
through the grid for the field V3. 

Now this variation of electron current to P with V2 is due in part 
to the action of the field on the effective open area of the holes in the grid. 
In other words, a large field V2 will pull through the holes some elec- 
trons which, with smaller fields, wou!d have struck the grid near these 
holes. A consideration of the geometry of the electric field near such 
holes suggested that the relation between current and field V2 should 
be nearly linear only for large values of V2 and that linear extrapolation 
through V2=0 to the oppositely directed Vi is unjustifiable. 

To measure the error introduced by Hughes and Klein’s extrapola- 
tion method, we measured directly the primary current through the 
grid, with the field V; just so large that no electrons reached P, by 
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measuring the current to C which was kept at the same potential as 
the grid G. Then with the same fixed value of accelerating field Va, 
the current to P was measured for various values of field V2, as was 
done by Hughes and Klein. The results are shown in Fig. 2 in which 
A is the direct measurement whereas B is the value which would have 
been taken by the extrapolation method of Hughes and Klein. It 
should be noted that the direct measurement is too small, because 
some of the primary electrons return again through the hole in C and 
are not detected. The hole in C had an area of about 10 percent of 
the whole area of C and we think that 15 percent is probably an upper 


Va- Va 


Fig. 2. Effect of retarding or accelerating field on the number of electrons passing 
through the holes in G. A is the actual primary electron current with sufficient retarding 
field to prevent electrons from reaching plate. P is this current corrected for loss through 
the hole in C. B is the current as estimated by Hughes and Klein. 


limit to the fraction of the primary electrons which thus escape. Thus 
the true primary current effective in the ionization experiments should 
be about that indicated by P instead of B. Similar tests were made at 
various accelerating fields V.. The curve I of Fig. 3 indicates the ap- 
proximate corrections which should be made to Hughes and Klein’s 
results at various voltages to take account of this source of error. 
Considerably more serious is an error due to the fact that the primary 
electron stream, thus measured, contains a large proportion of slow 
secondary electrons from the grid, which contribute little or nothing 
to the ionization. The existence of large numbers of slow secondaries 
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in this type of apparatus was demonstrated recently by Lehman and 
Osgood.* We made tests of the distribution of velocities of the electrons 
passing through the grid, by measuring the current to P for various 
retarding fields V; between 0 and V,, and repeated this at various 
values of the accelerating field V,. Without showing these curves, 
the following results may be stated as clearly indicated: (1) There is 
an ineffective group of secondaries amounting to about 15 percent 
at 50 volts, 22 percent at 98.5 volts, 33 percent at 151 volts, 40 percent 
at 202 volts and 42 percent at 290 volts. (2) The remaining effective 
group of electrons at each accelerating voltage is fairly homogeneous, 
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Fig. 3. Curve I gives corerctions to be applied to results of Hughes and Klein on 
account of the effect of the field on the number of electrons passing through the grid. 
Curve II gives the corrections to results of Hughes and Klein due to inhomogeneity of 
the primary electron beam. Curve III gives the correction due to the same cause applic- 
able to the experiments of Compton and Van Voohris. 
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in’ that most of them have nearly the energy corresponding to the ap- 
plied field, but there is always an appreciable group with variously 
diminished energies. 

It is clearly incorrect, therefore to assume, as did Hughes and 
Klein, that every electron found in the primary beam has energy 
corresponding to the accelerating field. It is necessary first to subtract 
the ineffective group of slow secondaries and then to make a step by 
step correction to take account of the velocity distribution among the 
remaining electrons which are able to ionize. These corrections to 
Hughes and Klein’s results may be made to at least the right order of 
magnitude by use of curve II, Fig. 3. The ordinate at any voltage Va 


4 Lehman and Osgood, Proc. Camb. Phil. Soc. 22, 731 (1925). 


728 K. T. COMPTON AND C. C. VAN VOORHIS 


is the percentage of Hughes and Klein’s value of probability of ioniza- 
tion at voltage V,—65 (where 6 is the number marked on the curve) 
which should be added to their value for voltage V, in order to give a 
value of this probability at voltage V., which is thus corrected for the 
neglect of the inhomogeneity in the velocities of electrons in the primary 
beam. . 
For example, at V,=150 volts, the correction to Hughes and Klein’s © 
probability of ionization, from this cause, is the addition to their value 
for 150 volts of 46 percent of their value for 150—25 or 125 volts. 
Finally, as we suggested in our previous paper, Hughes and Klein 
neglected the decrease in gas density in the region of ionization caused 
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Fig. 4. Curve showing velocity distribution in primary electron beam in experi- 
ments of Compton and Van Voorhis. 


by the warming of the gas by heat from the filament. In our experi- 
ments this amounted to a rise of about 25°C above the temperature 
of the room. The electrode arrangement of Hughes and Kein would 
indicate rather greater warming than in our apparatus. As a guess, 
which is probably fairly accurate, we may take the gas temperature 
in their experiments to be 60°C, which necessitates an increase of 
about 12 percent in all their values of probability of ionization. 

Thus, to all probabilities reported by Hughes and Klein, should be 
added three corrections whose values are given approximately as fol- 
lows: (1) a correction for variation in effective size of grid holes given 
by Fig. 3, curve I; (2) a correction for secondary electrons and velocity 
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distribution of primary electrons given by curve II; (3) a correction 
of 12 percent for the warming of the gas by the filament. 

| Turning now to the values which we previously reported, we may 
note that the first and third corrections described in the preceding 
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Fig. 5. Curves showing the number N of ionizing collisions made per cm path 
through gas at 0.01 mm pressure at 25°C. 


paragraph do not need to be considered, since they were eliminated 
or allowed for in our original experiments. We did not, however, suf- 
ficiently consider the second source of error, —that due to velocity 
distribution in the primary electron stream. We have, therefore, 
measured the velocity. distributions for various accelerating fields Va 
in our original apparatus, with results shown in Fig. 4. The collecting 
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field V, held back all secondary electrons, so that we were not sub- 
jected to error from the phenomenon described by Lehman and Osgood 
The lack of homogeneity in our electron stream, however, leads to the 
necessity of a correction to our previous results of an amount shown in 
Fig. 3, curve III, which was derived from velocity distribution curves 
like those in Fig. 4, by the same method employed in obtaining curve II 
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Fig. 6. Curves showing probability of ionization at a collision as a function of 
the speed of the impacting electron in volts. 


for Hughes and Klein’s results. Thus, for instance, we must add to our 
previous value for the ionization by 150 volt electrons, 8.5 percent of 
our value at 142 volts. 

That the values finally arrived at in this way are fairly accurate is 
indicated by a comparison of our corrected results with the corrected 


IONIZATION OF GAS MOLECULES BY ELECTRON IMPACT 731 


results of Hughes and Klein, as shown in Table I. In view of the magni- 
tude and approximate character of the corrections in the latter case, 
we believe the agreement is satisfactory. 


‘GABLE 


Comparison of probabilities of ionization from corrected results 
of Compton and Van Voorhts and of Hughes and Klein. 


Va Helium Neon Argon Hydrogen Nitrogen 
(volts) C&VVH&K C&VVH&K C&VVH&K C&VWH&K C&VVH&K 
50 m5 2109 .083 .080 430 .434 t209> 202 aA OS 
100 BLOT PE SI5S FB 120 183 .500 .496 .310 .286 425 .457 
200 gots 201 ion Lar2nG 490 .527 1303. 0.291 oa57 6.502 
300 P2LO ie 1i'S .274 .244 436 .473 sp 25230 430 .422 


In Figs. 5 and 6 we give the final corrected values calculated from our 
experiments. The values of electronic mean free paths used in calculat- 
ing the probabilities shown in Fig. 6 are, for 1 mm gas pressure at 
25°C, He(0.1259), Ne(0.0787), A(0.045), H2(0.0817), N2(0.0425), 
Hg(0.0149), HC1(0.0322) in cm. 

Finally we have made some attempts to reconcile with these results 
the values reported by Jesse.* The complicated geometry of the electric 
fields, the existence of secondary and perhaps tertiary electron emission 
and the presence of the exposed insulating walls of the glass vessel 
have all been shown to introduce complicating effects, so that we have 
not succeeded in showing how his results may be brought into agree- 
ment with the others. Jesse cites evidence to show that his second 
“maximum” is spurious. Neglecting this, his results are in rough agree- 
‘ment with ours, as was shown in our earlier paper. 


PALMER PHYSICAL LABORATORY, 
PRINCETON, N. J. 
March 1, 1926. 
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THE IONIZATION OF OXYGEN BY ELECTRON IMPACT AS 
INTERPRETED BY POSITIVE RAY ANALYSIS 


By T. R. HoGness Anp E. G. LUNN 


ABSTRACT - 


Using an apparatus previously described, in which ions formed by impact of 
electrons of definite energy are analyzed by Dempster’s positive ray method, 
the relative numbers of 0,+ and 0.+ are measured at different pressures and 
electron energies. Over a range of pressure from <10~ to 10~? mm of mercury 
in pure oxygen, and over a large range of partial pressures of oxygen in mixtures 
with helium and with argon, the ratio 02*/0,+ remains practically constant. 
Evidence is thus given that 02+ and 0,+ are formed by independent primary 
processes and, therefore, that an impact electron of sufficient energy can either 
ionize the molecule and form 0,+ or dissociate the molecule forming 0,*. The 
ionization potentials were determined: 02=02++e; 13 volts and 02=0,++0+e; 
20 volts. The latter, together with the ionizing potential of atomic oxygen, 
gives 6.5 volts (150,000 cal. per mol) for the heat of dissociation of oxygen. 
Both molecular and atomic negative ions were found. The above results are 
correlated with band-spectra data, with the recent theory of Franck on disso- 
ciation by absorption of radiation, and with the structure of the oxygen mole- 
cule. 


, i ‘HE following paper discusses experiments on oxygen made with 
the previously described! 23 method for the positive ray analysis of 
the products of electron impact ionization in gases. 


EXPERIMENTAL DETAILS 


The apparatus was that previously employed, except that the slits 
were narrowed to permit the use of higher pressures in the ionization 
tube, and to increase the resolving power. The increased resolving 
power was necessitated by the impossibility of freeing the oxide- 
coated platinum filament from all traces of residual gases, and the con- 
sequent appearance of peaks due to these impurities; these peaks, 
though small, would, with lower resolution, merge into the oxygen 
peaks and vitiate the measurements of their intensity. The ions of 
these impurities are presumed, from their specific charges, to be: 
Hgt, CaOt, CO.+t, 30=?, 29=?, Not; 20=?7, 19= 7, H.O*) 
15=?, N* and Ct. With the slits narrowed to 0.28 mm these peaks 
are sharp and well separated. The mercury peak disappears after 
liquid air has been on the traps for some days, while the other peaks 
either disappear or become negligibly small after prolonged heating 
of the filament. Judging from the peak intensities obtained in previous 
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work with very low pressures of hydrogen? and nitrogen,* the partial 
pressures of the above impurities were <10-§ mm of mercury, except 
in those experiments in which the highest filament temperatures were 
employed. 

The oxygen was prepared by electrolysis of aqueous barium hydroxide 
and was dried with phosphorus pentoxide. Before entering the ioniza- 
tion tube it passed through a liquid air trap. 

Positive tons. As shown by the figure, the relative intensity of the 
ions O,* and Ost, as measured by the ratio of the peak intensities, 
remains practically constant over a range of pressure from <107° 
to 10-? millimeters of mercury. Evidence is thus given that O,+ and 


Percent of Total 


Pressure of O, x 10* Mm. Hé 


Fig. 1. Precentage of 0,+ and 02* as a function of pressure. 


O,+ are formed by independent processes, and hence that an impact 
electron of sufficient velocity can either produce an Ot ion which 
does not dissociate on collision with gas molecules: 


O2.=OsT+e ’ (1) 


or it can dissociate the molecule and ionize one atom as the primary 


process : 
O2=O:it+O-+e. (2) 


The slight increase in the percentage of O7 at the higher pressures 
is probably due to the formation of these ions from the impurities, 
for, owing to a specific inhibiting effect of oxygen on the emission of 
electrons from an oxide-coated filament,’ it was necessary to raise the 
filament to a high temperature and hence to increase the concentra- 
tion of those foreign gases which, on ionization, produce O;*-ions. 

The relative intensities of O,;+ and O.+ were found to be nearly in- 
dependent of other experimental conditions, such as the partial 

1 Hogness and Lunn, Proc. Nat. Acad. Sci. 10, 398 (1924). 

2 Hogness and Lunn, Phys. Rev. 26, 44 (1925). 


3 Hogness and Lunn, Phys. Rev. 26, 786 (1925). 
4 Koller, Phys. Rev. 25, 671 (1925). 
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pressure of oxygen in mixtures with helium and with argon, and the 
speed of the positive ions in the ionization chamber. 

In mixtures of oxygen with helium and with argon the percentage 
of O;+ was found to be only slightly larger than in pure oxygen, and 
this slight increase is probably caused by O;* ions from the impurities 
due to the high filament temperature made necessary by the small 
partial pressure of the oxygen. With argon in the tube, peaks of specific 
charges 40 and 36 (referred to 0= 16) appeared, thus confirming Aston’s® 
evidence on the isotopy of argon. 

The relative intensities of O;+ and O.* are practically independent 
of the energy of the impact electron from 50 to 200 volts; above 200 
and up to 600 volts, increasing this energy gradually decreases the 
percentage of O,+. Similarly, varying the speed of the positive ions 
in the ionization chamber by changing the field V3 from 0 to 31 volts 
does not change the intensity ratio appreciably. 

Ionization potentials. The ionization potentials for the formation 
of Ot and O,+ were determined by comparing their disappearing 
potentials with that of helium in essentially the manner previously 
described.2, Oxygen was mixed with helium in the reservoir until the 
“saturation” intensities of Het and O.+ were the same, and the dis- 
appearing potentials compared; the concentration of oxygen was then 
increased until the Het and O;+ “saturation” intensities were equal, 
and the disappearing potentials of these ions were then measured. 
Taking 24.5 volts as the ionization potential of helium,® the mean of 
six determinations gave 13 volts as the ionization potential for the 
formation of O.+ and 20 volts for the formation of Ox*. 

Negative ions. On reversing the magnetic field and the electrical 
fields V3 and Vu, the negative ions O2~ and O;~ were observed. These 
had previously been found by J. J. Thomson.’ The atomic ion was the 
more intense under all conditions studied; but the intensities of both 
O,- and O27 were so small as to preclude the possibility of their forma- 
tion being related to the positive ion process. 


DISCUSSION 


The ionization of oxygen has been studied by McHenry® and by 
Smyth.? McHenry used Thomson’s positive-ray apparatus and hence 


5 Aston, Phil. Mag. 39, 611 (1920). 

§ Lyman, Science 56, 167 (1922). 

7 J.J. Thomson, Rays of Positive Electricity, p. 71. 
8 McHenry, Phil. Mag. 45, 433 (1923). 

® Smyth, Proc. Roy. Soc. 105 A, 116 (1924). 
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experimental conditions that make difficult any comparison of his 
results with those above. The present results differ somewhat from 
those of Smyth. His published curves show a larger percentage of 
O,* than was found above; this is perhaps due to the presence of N,+ 
and other impurities not resolved by his apparatus. The ion of ap- 
parent m/e=8, which Smyth observed, was probably not Ot++. In 
the present work its peak appeared as a very broad one of small height— 
indicative of formation by some secondary process, such as the dis- 
ruption of an O2t-ion which had fallen through the full analyzing field.1° 
The above experiments show no evidence of the discontinuity in the 
ionization curves at 450 volts found by Smyth. His measurements 
gave 15.5 and 23.0 volts as the ionization potentials. We believe 
Smyth’s values for these ionization potentials to be in error, owing, 
perhaps, to incorrect initial velocity corrections; but their difference 
(23.0 —15.5=7.5 volts) agrees well with that (7 volts) found above. 

Of the several determinations of the ionizing potentials of oxygen"! 
only that of Mackay” shows ionization as low as 13 volts; he found 
two potentials at 12.5 and 16.1 volts. Studying low voltage arcs in 
oxygen, Lockrow and Duffendack® found critical potentials at 16.1 
and 19.5 volts. The lower, that at which the arc broke, they ascribed 
to the formation of O,2t; the upper, a critical potential for changes in 
the spectrum, was attributed to the formation of O,+ by the process 
O2=O;t+O-+e. The lower potential of Mackay and the upper one 
of Lockrow and Duffendack are thus in good agreement with those 
found above for the formation of O.+ and of O;+ respectively. 

From the evidence based on the magnetic and chemical properties 
of oxygen, G. N. Lewis" has given :0::0: as the schematic structure 
of the oxygen molecule—a molecule then with two unpaired electrons. 
Now Saunders has pointed out that atoms with unpaired electrons 
have low ionizing potentials, the tendency of electrons to pair resulting 
then in the observed alternation in the value of the ionization potentials 
of the elements with increase in atomic number; Mulliken" and Birge’’ 
have suggested an analogy between the energy levels of atoms and of 


10 See Smyth, Phys. Rev. 25, 452 (1925). 

‘1 For a summary of these see Compton and Mohler, Bull. Nat. Res. Council, vol. 9, 
part 1, Critical Potentials. 

12 Mackay, Phys. Rev. 24, 319 (1924). 

18 Lockrow and Duffendack, Phys. Rev. 25, 110 (1925). 

4 G. N. Lewis, Chemical Reviews 1, 231 (1924); J. Am. Chem. Soc. 46, 2027 (1924). 

18 Saunders, Science 59, 47 (1924). 

16 Mulliken, Phys. Rev. 26, 561 (1925). 

17 Birge, Nature 117, 300 (1926). 
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molecules. It might therefore be anticipated that, because of the two 
unpaired electrons in the oxygen molecule, the ionization potential 
of oxygen would be lower than that of nitrogen. Experiment shows 
this to be the case. It might be expected, too, that oxygen, containing, 
as it does, three distinct kinds of electrons (bonding, unpaired—non- 
bonding, and paired—non-bonding) would have two ionization po- 
tentials in addition to that for the disruption of the molecule. Now 
Mackay” did find two lower ionization potentials. From this point 
of view the lower one (12.5 volts) perhaps corresponds to the ejection 
of an unpaired electron, the upper one (16.1 volts) to the ejection of a 
paired—non-bonding electron.” 

The difference in the processes by which the atomic ions are formed 
in the ionization of oxygen and of nitrogen suggests correlating these 
processes with the recent theory of Franck!® on the dissociation of 
molecules by the absorption of radiation. Franck assumes that the 
absorption of a light-quantum results only in an electron transition 
and that the nuclear separation remains unchanged at the moment of 
this transition. With the electron in a new energy level the nuclei 
then find themselves held together by a different binding energy; 
this different binding energy gives rise to a different amplitude and 
hence, a different frequency of vibration. He further assumes that 
there is a limiting distance of approach of the nuclei, beyond which 
there will be sufficient repulsion to cause disruption, and as the binding 
force is weakened, i. e., as the equilibrium positions of the nuclei are 
more widely separated, this limiting distance of approach becomes 
greater. If then, as the result of an electron transition, the equilibrium 
positions of the nuclei are suddenly at a greater distance apart than 
before, the two nuclei may, at the moment of transition, be beyond 
the limiting distance of approach and hence disruption will follow. 
Dymond? found this to be the case in iodine, and Birge and Sponer”® 
have recently found this to be true of oxygen as well. Professor Birge 
has informed us that ionized oxygen in the excited state corresponding 
to about 20 volts energy has a much slower vibration frequency than 

* The O2* (20 volts) which spontaneously breaks down into O and Ot may be 
regarded as being either an O2* with a remaining electron excited, or an O2* with a 
different kind of electron (bonding) removed from that produced at 13 volts. In our 
work on nitrogen the latter view was assumed, while Sponer has since suggested the’ 
former. The evidence favoring Dr. Sponer’s suggestion is that but one series limit for the 
electron levels in nitrogen is known. Naturwiss. 13, 275 (1926). 

18 J. Franck, Trans. Faraday Soc., 1925. 

19 Dymond, Zeits. f. Physik 34, 553 (1925). 


20 Birge and Sponer Abst. 13, Stanford Meeting; Birge, Abst. 14, 7bid.; Birge and 
Sponer (to be published in full). 
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the normal state; this means that the equilibrium positions are at 
greater nuclear separation. Very probably then, the mechanism as- 
sumed by Franck for dissociation by absorption of radiation and by 
electron impact applies to this case of dissociation. Nitrogen does not 
show this same difference in vibration frequencies in the normal and 
ionized states, so that the nitrogen nuclei would not be beyond the limit 
of closest approach in the Nt ion produced at 24 volts? and no spon- 
taneous dissociation would follow. 

It may be recalled that in the case of hydrogen? and nitrogen® the 
measurement of the ionization potentials for the formation of H,+ 
and N;* respectively could give only upper limits to the heats of dis- 
sociation as the atomic ions are formed by secondary processes. In 
the case of oxygen, however, since Oz+ is formed by a direct process, 


the heat of dissociation of oxygen can be calculated unambiguously. 
For 


O.=0,'+O-+e; 20 volts (3) 
O =O;t+e =; 13.5 volts” (4) 


which, by subtraction, gives 6.5 volts or 150,000 calories per mol 
as the heat of dissociation of oxygen. The possible limits for the heat 
of dissociation of oxygen as set by critical potential measurements 
have been discussed by Wulf. 2? Owing to a lack of interpretation of 
those measurements the limits were rather wide—56,400 and 137,400 
cal. per mol. The latter agrees within the experimental error with 
that found above, and the new limits are set by the limits of accuracy 
of the determination of the ionization potential. No claim is made for 
great accuracy in the above critical potential measurements. As pre- 
viously done we might make a conservative estimate of +1 volt, 
although the maximum deviation of our few values from the above 
means was 0.4 volt. Born and Gerlach,” following a suggestion of 
Franck and Grotrian, and utilizing Warburg’s** measurement of the 
long wave-length limit for the formation of ozone, have calculated the 
heat of dissociation of oxygen to be 162,000 cal. per mol. Since we 
obtained our value of 6.5 volts, Birge and Sponer have calculated the 
heat of dissociation from data derived from band-spectra. The con- 
cordance of their value of 7.05+0.03 volts (162,600+700 cal.) with 
those of two such very different experimental methods suggests strongly 


21 Hopfield, Phys. Rev. 21, 710 (1923). 

22 Wulf, J. Am. Chem. Soc. 47, 1944 (1925). 

*3 Born and Gerlach, Zeits. f. Physik 5, 433 (1921). 

% Warburg, Sitzungsber. d. preus. Akad. d. Wiss., Math-phys. KI. 1914, p. 872. 
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the fundamental correctness of the assumptions underlying these 
methods. 

Throughout the above paper it has been tacitly assumed that the 
ion of m/e=16 was Ort and not O**. It is now seen that the chief 
justification for this assumption is that it is consistent with the spectro- 
scopic observations of Lockrow and Duffendack,® and that it leads to 
a consistent value for the heat of dissociation of oxygen. Professor 
Birge has sufficient data to assure us that the energy of formation of 
O,t+ is greater than 20 volts. The ion appearing at 20 volts can there- 
fore be only O:t. 

In conclusion, the authors wish to express their thanks to Prof. 
R. T. Birge and Dr. H. Sponer of the Department of Physics for making 
available a large amount of unpublished results, as well as for their 
kindly interest in the progress of this work. 


DEPARTMENT OF CHEMISTRY, 
UNIVERSITY OF CALIFORNIA, 
March 23, 1926. 
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ANALYSIS OF POSITIVE IONS EMITTED BY A NEW SOURCE 
By Henry A. BARTON,* GAYLORD P. HARNWELL, AND C. H. KuNsMAN, 


ABSTRACT 


Certain iron oxide crystals containing about one percent of some alkali 
metal or alkaline earth have been developed by the Fixed Nitrogen Research 
Laboratory for use as catalysts in the synthesis of ammonia. It has been 
found that these substances also have great experimental utility as constant and 
abundant emitters of positive ions. The writers have tested various methods 

of mounting and heating these emitters. They have also analyzed their 
emission by the use of a mass spectrograph which has been described by 
Smyth. Separate catalyst samples containing respectively Na, K, Rb, Cs, 
Mg, Ca, and in one case both Ba and Sr have been shown in this way to emit 
only the corresponding singly charged positive ion. No doubly charged ions 
were observed, nor any ions of the other elements composing the catalysts. 
The alkali metal ions were emitted at lower temperatures than the alkaline 
earth ions. Particularly in the case of the latter, a preliminary treatment con- 
sisting of reduction at red heat in an atmosphere of hydrogen increased the 
emission. 

Emission from hot platinum was also observed consisting of Na* and 

K* ions. This was a surface effect and diminished rapidly with time. 


INTRODUCTION 


UNSMAN! has described a new and convenient source of positive 

ions which is finding many uses in experimental research. This 
source consists of heated crystal granules of certain catalysts developed 
for the synthesis of ammonia at the Fixed Nitrogen Research Labora- 
tory in Washington. Briefly, these consist of a fused mixture of iron 
oxide and about one percent of an oxide of an alkali metal or alkaline 
earth, with sometimes the addition of about one percent of aluminium 
oxide. The method of preparation? and an x-ray analysis’ of the crystals 
have recently been published. 

When the crystals are heated they emit positive ions in large num- 
bers. If they are further prepared by reduction in an atmosphere of 
hydrogen and then glowed and degassed in a good vacuum, the positive 
ion current is quite constant. This current in a high vacuum is a func- 
tion of temperature and accurately obeys Richardson’s equation, 
IT=AT"%¢-%/T for thermionic emission. More recently Kunsman has 


* National Research Fellow, Harvard University. 

1 Kunsman, Science, 62, 269 (1925). 

2 Larson and Richardson, J. of Ind. Chem. 17, 971 (1925). 

3 Wyckoff and Crittenden, J. Am. Chem. Soc. 47, 2866 (1925), 
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considerably extended his investigation of the thermionic properties.* 

For precise experimental work using this type of positive ion source, 
it is, of course, highly important to have full knowledge of the nature 
and homogeneity of the ions emitted. The present paper describes 
a positive ray analysis undertaken primarily to answer this question. 
Seven samples were investigated, being iron oxide crystals as described, 
and containing, respectively, caesium, rubidium, potassium, sodium, 
magnesium, calcium, and, in one sample, both barium and strontium. 


APPARATUS 


The experimental arrangement® is shown schematically in Fig. 1. 
Some of the sample source under investigation was mounted on a 
platinum filament at F, this being supported by the leads (not shown) 


Fig. 1. Apparatus. 


which carried the heating current. The arrangement of slits, electric 
and magnetic fields is obvious. P was connected to a Compton elec- 
trometer. A mass spectrum was obtained by progressively varying V 
with H constant and observing the electrometer current. In most of 
the experiments the field strength was about 4400 gauss and V was 
varied from 0 to 400 volts. S, and S3; were 6 cm apart. A vacuum of 
better than 10-4 mm of Hg was maintained throughout. The best 
resolution obtained was not sufficient to separate isotopes, but easily 
distinguished ions of elements in different rows of the periodic table.° 

4 Kunsman, to be published shortly. 

5 The tube used was that described by Smyth, Phys. Rev. 25, 452 (1925), except that 
two of the electrodes were removed and the evacuating arrangements simplified. 


6 In two runs the potassium peak indicated by its shape that little more resolving 
power would have been needed to separate the two isotopes at 39 and 41. 
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In the course of the experiments four different methods of mounting 
and heating the catalysts were used. At first the tube was so 
oriented that the filament and slit S; were in the same horizontal plane, 
a trough with an open side towards S,; could be used. Later the ar- 
rangement was changed so that F# was above S; as shown in Fig. 1. 
It was then necessary to turn the trough open side up so as not to spill 
out the granules and provide small perforations in the bottom for the 
emission. This method proved less satisfactory, so a narrow, twisted 
strip of platinum was next mounted and covered as completely as 
possible with a coating of pulverized catalyst granules. The coating 
was put on with the aid of paraffin as a vehicle in the same manner as 
is frequently used in the preparation of oxide coated filaments, the 
paraffin being vaporized by heating, once the active material is in place. 
This method has the valuable advantage of providing a large emitting 
surface. 

Although the last mentioned method proved very satisfactory for 
the alkali metal catalysts, a fourth type of filament was used for those 
containing alkaline earths. Difficulty was found in coating strip fila- 
ments with these. They did not seem to adhere as well as the alkali 
metal samples. This resulted in an uneven coating so that the heating 
along the filament was not uniform. Owing to the greater temperatures 
which had to be used to obtain emission in these cases, this difficulty 
shortened the life of the filaments considerably. The type of filament 
finally adopted consisted of a thin-walled platinum tube with small per- 
forations in the side toward S; to allow ion emission. This was filled with 
a finely granulated sample of catalyst and the ends squeezed together 
to keep it in. The alkaline earth and rubidium samples were in- 
vestigated in this way. 

All of the filaments were less than 1 cm in length. They required 
heating currents ranging from 4 or 5 amps. for the twisted strip type 
to 15 amps. for the tube type. 


ALKALI METALS 


Mass spectra of the emission from the four alkali metal samples 
are given in Fig. 2. The ordinates, representing electrometer current, 
are arbitrary and not comparable from one curve to another. This 
arises from the fact that the electrometer current depended upon the 
pressure of gas in the path of the ions (which caused scattering), the 
effective area of the granules mounted on the filament, and the exact 
position of the latter. It was not possible to have these always the same. 
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Furthermore no means were available for measuring the temperature 
of the filament. 

Caesium (132.8). The mass spectrum of the caesium sample shows 
a large diffuse peak corresponding to Cst ions. The resolution of the 
apparatus is not as good for heavy ions as for light, which chiefly 
accounts for the width of this peak. It is also characteristic of the 
apparatus that the peak shades off toward lower m/e values. It is 
quite possible, however, that the shoulder just above 80 is due to Rbt 
impurity. The curve was extended below 50 and very large K* and 
Nat peaks observed. These have not been indicated in the figure 


Sodium 


Potassium 


Rubidium 


Caesium 


2000 O0 40 50 60 710 80 90 100~=—s«sNO iz0. 150, 140 


Fig. 2. Mass spectra of catalysts containing alkali metals. 


because it was later definitely established that they came from the 
platinum filament itself or from a contamination on it from previous 
samples. Later a new filament was prepared and tested for K+ and 
Nat before being coated. After this had been coated with some of the 
caesium sample, a large Cst+ peak was obtained with little or no K* 
or Nat. 

Rubidium (85.5). The emission from this sample was at first small. 
After reduction by the same method as will be described in connection 
with the alkaline earth samples it was much better. The curve in 
Fig. 2 shows a run then taken, the only impurity being a small amount 
ofales: 
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Potassium (39.1). The curve shows remarkable freedom from the 
other alkali metals as impurities.’ 

Sodium (23.0). The curve of this sample shows a very sharp prin- 
cipal peak indicative of the resolution obtainable at the lower end of 
the m/e scale. The K impurity was much more pronounced when the 
filament was first heated, then diminished rapidly and was still di- 
minishing when the curve was taken. It was probably due chiefly to 
emission from the platinum, of which more will be said below. In the 
portion of the m/e scale through which a broken line has been drawn, 
rates of electrometer deflection were not timed. They were observed 
carefully, however, and it may be said definitely that no peaks com- 
parable with the Kt peak were to be found. 


ALKALINE EARTHS 


Mass spectra obtained from the catalysts containing the alkaline 
earths are shown in Fig. 3. As mentioned above, it was found neces- 
sary to go to higher temperatures to obtain characteristic positive ion 
emission from these substances. Also the emission was greatly increased 
if they were submitted to a preliminary period of reduction. This was 
done by mounting the filament in an atmosphere of hydrogen at about 
t cm pressure and heating at a redness just above visibility for about 
24 hours. It is possible that the continued heating altered the condi- 
tion of the sample as well as reducing the surface. Samples so prepared 
were found to emit singly charged positive ions of the alkaline earths, 
but in almost all of the runs, certain impurities of sodium and po- 
tassium were found which never completely disappeared with time. 

In Fig. 3 two characteristic curves are plotted for each sample. 
The curve marked I represents one of the first runs, which was taken 
at a low temperature. The procedure then was to increase the tem- 
perature and, after a certain lapse of time, to allow conditions to reach 
a possible state of equilibrium, another run was taken. This process 
was continued until the filament burned out or the leads became dan- 
gerously hot. The curve marked II is a representative run taken at the 
highest temperature obtainable. The comparative temperatures were 
judged entirely by the current passing through the filament. The time 
elaspsing between runs I and II varied with the samples but was of 
the order of several hours. The impurities were found to decay very 
rapidly with time, probably exponentially. The ordinates of the curves 


7 This curve was taken some months before the rest of the work was done. It was 
mentioned by Kunsman. (Ref. 1.) 
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of the different substances are again not comparable because the con- 
ditions, particularly the temperatures, were not identical. 

Barium (137.37) and Strontium (87.63). Curve I shows no evidence 
of anything but Nat and Kt which were evidently present as impurities, 
probably, to a very large extent, coming only from the platinum. 
Curve II shows a very small peak at K+, a distinct but very broad 
peak at Srt, and a very large peak at Bat. The Sr* peak is surprisingly 
small relative to the Bat peak, the reason for this being uncertain. 
No evidence of Sr++ or Ba**+ was found. 


Magnesium 


Calcium 


Barium and Strontium 
Sia 


Platinum strip 


TL i a in Ma cia. . 


m /e 


Fig. 3. Mass spectra of catalysts containing alkaline earths and of bare platinum. 


Calcium (40.07). Curve I shows only a K+ peak. Curve II shows 
a very slight Nat peak, a large peak for Cat and a peak of about one- 
third the height of Cat, for Bat. An incomplete run at a slightly higher 
temperature was obtained in which the Bat peak rose relatively to the 
Cat peak. Again no evidence of Ca++ or Ba++ was obtained. 

The rather small shift of the principal peak toward higher m/e 
in passing from low to high temperatures is perhaps not sufficient in 
itself to justify the statement that the Kt emission is replaced by Cart. 
There is good reason to believe, however, that this shift is genuine. 
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Furthermore, other evidence is quite in favor of the existence of Cat 
emission. For example, this ‘shifted’ peak remained approximately 
constant at any given temperature, whereas in all cases where K+ 
was present as an impurity, the peak corresponding to it diminished 
rapidly with time. These facts together with the undoubted emission 
of the other alkaline earths are considered conclusive evidence for the 
existence of Ca*+ emission. 

Magnesium (24.32). Curve I shows a small Nat peak and a very 
large K* peak. In the following runs the K* fell in comparison with 
the Nat peak and they both dropped off with time at constant tem- 
perature. In the run at the highest temperature obtained the Nat 
and Mgt peaks were distinctly resolved. The filament burned out 
before the region containing the K+ peak could be examined. In sub- 
sequent runs the filament never lasted long enough at a temperature 
sufficient to produce Mg* to examine in detail the other regions, but 
no evidence of anything but a K+ peak was discovered. Voltages high 
enough to cover the region where Mgt+ would lie were not used. 


Ions FRoM PLATINUM 


The first few runs with the potassium sample of catalyst showed 
sodium ions also present. Subsequent runs using the same filament 
charged with caesium catalyst showed sodium and potassium in addi- 
tion to caesium ions. The filament was taken out and chemically 
cleaned. It was then replaced and found to emit sodium and potas- 
sium ions as before but the caesium had been quite removed. The 
filament was taken out a second time and heated white hot in a blast 
flame to volatilize any traces of alkali metals left on the surface by 
the catalyst samples. In spite of this the sodium and potassium ions 
still persisted. A new platinum strip was then mounted and this too 
was found to emit sodium and potassium ions. The first curve obtained 
in this case is given in Fig. 3. 

No particular study was made of this emission of ions by the plati- 
num itself. It was observed however that an increase in the tempera- 
ture of the strip always produced increased ion emission, particularly 
of potassium, and that this very quickly diminished if the temperature 
were then kept constant. It was partly due to the latter fact and partly 
to care in covering up as much of the platinum surface as possible 
with catalyst that the sodium, potassium, and rubidium curves show 
little evidence of this emission. 
~ More extended investigations of the emission from hot platinum 
have been made by others. A summary of these investigations, together 
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with certain conclusions drawn from the results, has been given by 
Richardson.’ The above observations, as far as they go, confirm these 
conclusions. This is particularly the case as regards the constitution 
of the ions emitted by platinum, for the present resolving power ap- 
pears to be better than that of any apparatus heretofore used to studv 
the phenomenon. | | f 


DISCUSSION 


The mass spectra given in Figs. 2 and 3, together with the cir- 
cumstances of their production, lead to the conclusion that the only 
‘ons emitted in each case were those of the alkali metal or alkaline 
earth present in the catalyst. The much more abundant iron and 
oxygen atoms did not appear as ions, nor did aluminium in the cata- 
lysts where it too was present. It is interesting that the alkaline earth 
ions, like those of the alkali metals, were only singly charged, in spite 
of their possession of two loosely bound valence electrons. 

The evidence does not give sufficient basis for much discussion of 
the mechanism of emission. Very roughly it appeared in the case of 
the alkaline earths that the lighter elements required higher tempera- 
tures to produce emission. Certainly these elements required consider- 
ably higher temperatures than the alkali metals. The difficulty seems 
to vary in the same direction as the ionizing potentials. This may 
account for the difference in the heights of the barium and strontium 
peaks. 

The chief distinction between these emitters and others is, of course, 
their constancy and relative inexhaustibility. There is evidently some- 
thing about their structure which permits the ion-forming atoms to 
diffuse readily and abundantly to the surface. In most other cases 
the ion emission rapidly falls off as the supply or at near the surface 
becomes exhausted.°® 

The authors are indebted to members of the staff of the Fixed Ni- 
trogen Research Laboratory and also to Professors K. T. Compton 
and H. D. Smyth for valuable suggestions and indispensable assistance. 
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8 Richardson, The Emission of Electricity from Hot Bodies, Chaps. VI and VII. 
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Siete HEORY OF ELECTROSTATIC ALTERNATORS 
By A. W. Simon} 


ABSTRACT 


A more elegant method than that previously given for the solution of the 
equations involved in the theory of electrostatic alternators is given, and 
illustrated by application to an electrostatic alternator of eight inductors 
and eight carriers, in which each carrier as it comes in front of an inductor is 
connected to the next following inductor by means of a brush and insulated 
arm. The method can be extended to the solution of electrostatic alternators 
of m carriers and m inductors, where each carrier is connected to the inductor 
next following, also where each carrier is connected by means of brushes prop- 
erly placed to the pth inductor following. It may also be applied to electrostatic 
alternators with m inductors and 2m, 3m, or 4m carriers, and to electrostatic 
alternators of the Wimshurst type. With regard to the eight inductor alternator 
it is shown that three waves travel around the machine with periods correspond- 
ing to the time of 2 revolutions, 1 revolution, and 2/3 revolutions. The ampli- 
tude factor for each wave per eighth revolution is calculated approximately. 
Finally the effect of the initial conditions (potentials) on the action of the 
machine is discussed. It is shown that the potentials of the inductors of the 
machine eventually lag 7/4 behind each other. 


HE quantitative theory of a four inductor alternator of the type 

to be discussed in the present work has already been given,” and 
a general method of solution of alternators of this type outlined? 
Since the publication of this work, however, it has been possible to 
develop a much more elegant method of solving the equations involved 
in the theory of these machines, and our present work is concerned 
both with an exposition of this method as well as a discussion of the 
physical interpretation of the results obtained by its application. 

As the subject of our analysis we shall take an eight inductor elec- 
trostatic alternator, and present the theory of this machine in a form 
which admits of ready extension to alternators of this type with any 
number of inductors. 

The machine studied is represented diagrammatically in Fig. 1. 
It consists of eight fixed inductors, and eight revolving carriers, and 
operates in a manner easily seen from the figure. The inductors are 
assumed to be identical in shape and symmetrically mounted, and the 
same is assumed to apply to the carriers. 

1 National Research Fellow. 


2 A. W. Simon, Phys. Rev. 25, 368 (1925). 
3 A. W. Simon, Phys. Rev. 26, 111 (1925). 
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By exactly the same method as was employed in the case of the four 
inductor alternator already cited,‘ it can be shown that the potentials 
of the inductors after (7+1) and n cycles satisfy a set of equations 


of which the left members take the form: 
aV (n+l) +hVi(w8) +aV a(n 41) 4f alot) +6V det) +aV elm 41) eV 41) +0V a(n) 


b +a +h ce ay +e +d +c * 
C “ +b “ +a “ +h “ ag “ Lf p +e +d E 
d 5 1 : ; a b ae a itt , ; a “ ne “ 
: +d : Die +0 y ie 3 +h 3 +8 3 +f “ 
f ; J : +0 F LBA “ +0 “ ates “ ae “ +8 “ 
3 +f : ay, 2 +f “ a “ e ¥ 6 Mi “ rt “ 
ae + +e He +e + +a 
2 
1 S 
fe) 4 
7 5 
6 


Fig. 1. An eight inductor electrostatic alternator. 
and the right members take exactly the same form except that the 
coefficients a, b, c, etc. are replaced by a’, b’, c’, etc. respectively, and 
the argument (n+1) of the functions V,(n+1) is replaced by n. 
I. GENERAL SOLUTION OF THE VOLTAGE EQUATIONS 

Of fundamental importance for the mathematical solution of these 
equations is the following matrix, in which w; stands for the eighth root 
of unity corresponding to the amplitude of j27/8. 


wo? wo! wo" wo? wo! wo? woe wo? 
1). Wt eee tee wit 45 Wy? Oye 

: : : (2) 
72 wt we? wy? w7t  w78 w78 wy? 


‘ A. W. Simon, Phys. Rev. 24, 690 (1924). 
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For the purpose of the following work we shall number the rows 
and columns from 0 to 7, instead of from 1 to 8, as is the usual custom. 

If we multiply the equations in order by the elements in the jth 
row of this matrix, and add, we obtain an equation of the form: 


[awPt+bwjtcoP+ --- the") [wPVo(nt+1)+oAVi(nt1)+ ---]= 
[a’wP+b'wpte'wP+ »-- +h'e,7|[wPVo(n)+o)Vi(n)+ --- | 
the solution of which is obviously : 
[a’wP+b’oJs+ .-- dn 
[oVo(0)+uV(0)+ ---] (3) 


and, if we do this for every row, (i. e., if we let 7 run through the se- 
quence of values 0, 1,---7) we obtain eight simultaneous linear 
equations, the left members of which involve the functions V,(m) and 
the w’s, and in which the matrix of the coefficients of the left members 
is exactly the matrix (2). By elimination from this set we can then 
obtain each of the functions V,(m) in terms of the quantities V,(0) 
and the quantities [a’w+b’w)+ --- |"/[awP+bws+ +--+ |. 

Now the matrix (2) has two important properties which allow us 
to carry out the process of elimination very easily. (1) If we examine 
the sum of the quantities in any column, we note that it is the sum 
of like powers of the roots of the algebraic equation x*—1=0, and from 
the formula for the sum of like powers of the roots of an algebraic 
equation, it follows directly that the sum of the quantities in every 
column of the matrix (or row, if we replace every element of the form 
of wy? by wg”), except the first, is zero. (2) If we divide each row 
through by the factor which will make the elements in the sth column 
all unity, the resulting matrix can be obtained from the matrix (2) 
by s cyclic permutations of the columns of the matrix (2), and has 
the property that the sum of the coefficients in every column except 
the sth is zero. 

To solve for any V,(”) then we have merely to divide the equations 
(3) through by such factors as will make the elements in the sth column 
of the matrix (2) all equal to unity, and then add the resulting equations. 

Accordingly, we have as the general formula for V,(7) : 


[wVo(m)+wAVilm)+ --- | 


7 


8V,(n) = Se [w,9Vo(0) + w7Vi(0) + a tae | [e/a P+b/0)+ aay WA 
j=0 [awP+tbwi+ --- |" (4) 


where w,; is the element in the sth column and jth row of the matrix (2). 
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Now while each term of this sum is complex, the sum itself is real, 
for we can group the complex terms into pairs of conjugate terms, such 
that the imaginary parts will cancel out in the sum. 

This is readily seen from the matrix (2) if in addition we note that 
each of the expressions in brackets in formula (4) is obtained by com- 
bining a sequence of Sea purer ame the sequences V,(0), 
Vi(O), te a Uae 5 Oe. ai vos , h) with the elements 
in any row ai the matrix. As pairs of rows which give rise to conjugate 
terms we have 1,7; 2,6; and 3,5. The rows 0,4, it may be pointed out, 
give rise to real terms. For the purpose of our further calculations 
it is convenient to rewrite Eq. (4) in another form. If namely we put: 


[wo Vo(0)-to,Vi(0)-+ » - - ]=[A,(0)+iB,(0)]=Rj(0) [cos 4;+3 sin Aj] 
[a’wP+bopt --- |=la/+i8/]=o/ [cos ¢,/-+i sin ¢/'] 
[aw +bwA+ --- |= [a;+i8;]=o;|cos o;+% sin ¢;] 

W,;= COS O.;-+7 SIN Oe; 


and, further, let p,=0;//o; and 6;=¢;’—¢;, we can rewrite Eq. (4) as: 
7 


8V,(n)= >. [A,(0)+7B;(0) ]p* [cos (20;—0.;) +2 sin (n0;—94;) | 


j=0 
I]. PARTICULAR SOLUTIONS OF THE VOLTAGE EQUATIONS 


For various assumed initial conditions, i. e., sets of values of the 
quantities V,(0), the general solution reduces to simple forms. In 
particular consider the sets of values given by: 


V,(0)=E(0) cos (s— p)k21/8 (5) 


where s, p, and —k, take the values 0, 1, 2,---:, 7. We then have — 
for A,;(0) and B,(0), respectively : 


A,(0) = E(0) 3 [ cos (s— p)k2x/8]| cos sj27/8] , 


s=7 


B,(0)=E(0) >> [cos (s—p)k24/8][ sin sj21/8] . 


7 
Now from the fact that >) w,w.”=0, or 8w,, respectively, ac- 
s=0 


cording as +70, 8, 16, etc., or as +7r=0, 8, 16, ete., and from tri- 
gonometry, it is possible to prove readily the following theorem: 
Theorem I. For any given k such that —k #0 or 4, we have A,(0) =0 
and B;(0)=0, for every value of 7 except 7=—k and j7=8+K;; for 
j=—k and 7=8+K, A,(0) =4E(0)cos(— pk)27/8 and B,(0) = 4F(0)sin 
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(— pk)21/8; while for k=0 or —4, A;(0)=0 and B;(0) =0, for every 
value of 7 except 0 or +4; finally for kj=0 or —4, A;(0) =8E(0)cos 
(—pk)27/8, B;(0) =0. 


III. PuHysicAL INTERPRETATION OF THE RESULTS 


For the physical interpretation of the results we need to know the 
relative magnitudes of the quantities p; and 0;. These are obtained by 
substituting in the formulas for p; and 6;, the values of the quantities 
a, a’, b, b’, etc. in terms of the coefficients of capacity and coefficients 
of induction of the elements of the machine in that configuration at 
which the carriers just break contact with the brushes. In order to 
calculate exactly the various values of p; and 6; we would require the 
numerical values of these coefficients. It is, of course, impossible to 
calculate these. To complete the analysis of any machine it would 
be necessary to actually measure them. However, we can gain some 
idea of the relative magnitudes of the p’s and @’s involved, if we make 
the same assumptions as were made in the case of the four inductor 
alternator, namely, that the inductors nearly completely surround the 
carriers and that the inductors are relatively far apart. Under these 
conditions we can calculate the following set of values for the p’s 
and 6@’s involved. 


4 tan 0 60 p 

0 0 0 1 

127 /2—1 1/8 SREN aad 

2.6 1 x /4 /2 

3.5 J2+1 eae WADE 2 A/D. 
4 0 0 0 


The values obtained on the basis of these assumptions are really ideal 
values which in practice we can only approximate. Nevertheless, they 
correctly indicate the relative magnitudes of the quantities in question, 
so that for the purpose of our further discussion we shall assume: 


Po=l, pi>p2>1, ps<l, ps<; 
O=0, O1=1/8, O=7/4, 03=37/8, 04=0. 

The phase angles 0,;, on the other hand, are independent of the 
capacities involved in the machine, and are readily determined from 
the matrix (2). In particular, we have 

00=0, O1=s7/4, O2=Sr/2, 0=537/4, O4= 57. 


With all these relations before us we can inquire as to the action 
of the alternator. We see that in general the action of the machine 
may be described by asserting that three potential waves of different 
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periods travel around the machine, two of which continually increase 
in amplitude (op >1) and one of which continually decreases in ampli- 
tude (9 <1). Furthermore, eventually, one only of these waves will 
be perceptible, the others becoming either vanishingly small or neg- 
ligible in comparison. The wave in.question is that corresponding to 
pi and 6;, for we have, for m large, 


V (2) = Ri(0)p1"cos (n0,+Ai—s7/4) - 


However, the action of the alternator will depend, theoretically 
at least, very markedly on the initial conditions. For example, if we 
choose the original potentials so as to satisfy the set of values given 
by equation (5); that is, if we adjust the original potentials so that 
there will be a difference of phase of k27/8 between each pair of suc- 
cessive inductors and if, furthermore, we put the maximum potential 
on the pth inductor, then only that wave corresponding to j= —F will 
be present. 

If we let —k vary from 0 to 4 and apply Theorem I, we abi a 
number of interesting special cases, which it should be possible to 
verify experimentally. 

(1) k=0, V.(0)=E(0)=const. The original potentials are all the 
same. For this.case, if in ee we note that it can be shown by 
the method of a previous paper,’ po =1,. no matter what the capacities 
involved in the machine are, as long as it is symmetrical, we have for 
every n from 0 to ©: V,(n) =E(0)=const., that is to say, no change 
takes place, as we might expect also from qualitative considerations. 

(2) —k=1, V,(0) =E(0)cos(s— p)(— 1/4). The corresponding solu- 
tion is, for every ~ from 0 to ©: 


V (2) = E(0)pi"cos [n6i:—(s—p) 2/4] . 


Under these conditions the potential will reverse approximately every 
revolution, and the machine will build up very rapidly. 

(3) —k=2, V,(0) =E(0)cos(s—p)(—7/2). The solution in this case 
is given by 

V .(n) = E(0)po"cos [70.—(s—p)x/2| . 

The potential now reverses approximately every half revolution, but 
the machine does not build up as rapidly as in case (2), since p2<p1. 

(4) —k=3, V.(n) =E(0)p3"cos|[n63;—(s—p)3a/4|. The potential 
reverses approximately every third of a revolution, but the potentials 
continually decrease, (93<1), and eventually become vanishingly small. 
In practice they would very likely decrease until the ever-present con- 
tact e.m.f.’s took hold and re-excited the machine. 
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(5) —k=4, V,(n) =E(o)p,"cos [ — (s—p)a]. Under these conditions 
also the potentials would theoretically decrease to zero, or in practice 
until the contact e.m.f.’s took hold. 


IV. APPLICATION OF THE METHOD TO OTHER MACHINES 


(1) Multiple Inductor Machines of the type just discussed. It has 
already been stated in our opening paragraph that the method of 
analysis used in the present work for an eight inductor alternator 
can be applied to a machine of this type with any number of inductors. 
For the general case of m inductors and m carriers the matrix (2) 
would be simply a square matrix of the mth order, involving the mth 
roots of unity. A theorem corresponding to Theorem I could also be 
set up very easily for the general case. We have merely to note that 


if w; is the mth root of unity which has the amplitude j27/m, we have 
™ 


>> wp." =0 or mw,, respectively, according as +r is, or as it is not, 
s=0 


zero or a multiple of m. This follows directly from the fact that }\w," 
is the sum of like powers of the roots of the equation «™—1=0. 

(2) Solution for Other Schemes of Connections. Furthermore, if in 
the case of the eight inductor system just discussed each carrier is 
connected not to the next following inductor but to the second, third, 
or pth one following, we obtain equations of exactly the same form as 
Eq. (1) except that the constants a, a’, b, b’, etc. have different values. 
This means, that the solution is of exactly the same form as before 
but that the p’s and 6’s have different values, and this again holds 
in general; namely, that once the solution for one alternator of m 
inductors is determined for one scheme of connections, the solutions 
for all other schemes of connections are obtained by assigning to the 
p’s and 6’s their proper values. Of course, the scheme of connections 
must be symmetrical and not haphazard. 

(3) Machines with Double the Number of Carriers. If the eight in- 
ductor machine just discussed were built up with 16 carriers instead 
of 8, the matrix of the coefficients of the voltage equations (sixteen 
in number) would take the form 


M, M, 
M; Ms, 


where each of the matrices WM; is a cyclic matrix of the 8th order. To 
solve this case, we divide the set of sixteen equations into two sets of 
eight (the first set involving M,, Ms, the second M3, M4) and apply 
the method by which Eq. (3) is obtained to each set separately, but 
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instead of deriving an equation of the form (3), we would now have 
from the first set one of the form: 


(a1 +781)Z1(n+1) ye (a2+1B2)Zo(n+ 1) 
= (a1’+781')Z1(n) an (ao’ +7B82')Z2(n), 


and from the second set another of the same type except that the'a’s 
and ’s have different values. Each of these pairs (and there would 
be eight such pairs) can be solved by the method of finite differences, 
as already outlined in previous papers. This method again can be 
generalized to apply to the alternator with any number of inductors. 

(4) and (5) Machines in which the number of carriers 1s three or 
four times the number of inductors. The method just given for case (3) 
can be further generalized to apply to the case of 24 and 32 carriers, 
or in general to the case in which the number of carriers is three or four 
times the number of inductors. Case (3) above reduces, if the method ' 
of finite differences is applied, to the solution of quadratic equations, 
while the two cases now under consideration reduce to the solution of 
cubic and biquadratic equations respectively. 

(6) Electrostatic Alternators of the Wimshurst Type. What has just 
been said applied also to alternators of the Wimshurst type, since 
they give rise to equations of exactly the same type as (3), (4), (9). 

In general, of course, as the number of inductors and carriers is 
increased the detailed solution becomes more and more laborious 
although theoretically it can be carried out. However, it is to be ex- 
pected that the general features of these machines are not greatly 
changed by an increase in the number of elements; for example, it is 
to be expected that doubling the number of carriers will make the 
voltage wave more continuous without greatly affecting the period of 
alternation or the transformation ratio. 
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A STUDY OF POLARIZATION CAPACITY 
OVER A WIDE FREQUENCY BAND 


By IrvinG WoLFF 


ABSTRACT 


The polarization capacity of platinum electrodes in sulphuric acid and also 
of gold electrodes in sulphuric acid has been studied from 200 to 200,000 
cycles per second. An alternating current bridge was used to make the meas- 
urements in the audible range and a bridge with heterodyne detector for the 
higher frequencies. If the relation connecting capacity and frequency is put in 
the form C=C,/f? where Cy and P are constants then at the lower frequencies 
P is nearly equal to .3 while at the higher frequencies it approaches .5. At the 
same time, the phase angle of the capacity shifts from about 20 to about 40 
degrees. Voltage measurements made to determine the limiting value of the 
initial capacity show that it is of the same order of magnitude for alternating 
current as for direct charge. When two harmonic alternating currents of differing 
frequencies are simultaneously impressed on a cell, the polarization capacity 
measured by means of either one is independent of the presence of the other. 


HE study of polarization capacity phenomena by alternating 

current methods has taken on a new interest in recent years. 
The development of alternating current measuring methods during 
the past decade, particularly the adoption of the vacuum tube for 
these purposes, has made possible accurate measurements of capacity 
over a wide range of frequency formerly inaccessible. Predictions 
which had been made for the action of cells at high frequencies can 
now be verified or shown in need of modification. On the theoretical 
side, the views of electrode phenomena which connect polarization 
with surface reactions afford some very interesting subjects for theo- 
retical investigation. 

The first attempt to use frequencies above a few thousand per second 
for polarization measurements was made by Kruger! in 1906. He used 
a very ingenious method with a damped oscillatory discharge, but not 
enough points were taken and the frequency range was not sufficiently 
extended so that very definite conclusions could be drawn. The first 
serious attempts to get polarization capacity measurements above 
audible frequencies were made by Merritt? and Jolliffe.’ It is to follow 
up their work that the present investigation was undertaken. 


1 Kruger, Ann. d. Physik 21, 301 (1906). 
2 Merritt, Phys. Rev. 17, 524 (1921). 
3 Joliffe, Phys. Rev. 22, 293 (1923). 
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M. Wien‘ had studied the change of capacity with frequency for 
platinum electrodes in solutions of sulphuric acid at various audible 
frequencies, and his results, as well as the theorectical explanations 
given of them by Warburg® and Kruger,® had led to the expectation 
that at the higher frequencies the rate of change of capacity with 
frequency should be lessened, and in fact it was predicted that the 
capacity would become constant as the frequency was raised. Sym- 
bolically, if the relation between P, the back e.f.m. of polarization, 
and J, the alternating current through the cell is put in the following 
form (first suggested by Wien‘) P=I1/Cwsin(wt—7/2+y), C should 
tend to become constant and W should approach zero as w becomes 
greater. Jolliffe has found however that at frequencies from 100,000 
to 2,000,000 per second C becomes proportional to 1/w! and y is near 
45° in the case of gold and for platinum C has been found propor- 
tional to (1/w!+small const.). It is well known that the value of the 
polarization capacity depends very much on the particular piece of 
metal used in the cell and even for the same piece varies very much 
under different conditions. It-seemed entirely possible therefore that 
these discordant results might have been due to the fact that the cells 
used were different. In order to test the hypothesis a single cell should 
be carried through both frequency ranges. 


APPARATUS 


A bridge shown in Figs. 1 and 2 was used to make these measure- 
ments, a vacuum tube oscillator supplying the alternating current. 
The arms R, Ry R3 are non-inductive resistances while a variable 
inductance is used to balance the capacity in arm 4. Since, as will be 
shown below, it is necessary to use small potentials across the cell to 
get the most information from polarization capacity measurements, 
a three stage amplifier was used in the detector arm of the bridge. 
In order to get most satisfactory operation of a bridge with an ampli- 
fier the Wagner’ earth connection should be used as shown in diagram. 
In making measurements, arms 1 and 3 were kept equal. The cell 
was placed in arm 4 and the variable inductance in this arm and the 
resistance in arm 2 were adjusted so that the bridge was balanced. 
A switch was arranged so that a variable capacity box in series with a 
resistance, wound by the Ayrton method, could be substituted for 


4 Wien, Ann. d. Physik 294, 37 (1896). 

6 Warburg, Ann. d. Physik 303, 492 (1899); 311, 125 (1901). 
6 Kruger, Phys. Zeits. 45, 1 (1904). 

7 Wagner, Elect. Tech. Zeits. 32, 1001 (1911). 
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the cell. It was thus possible to read off directly from this capacity 
and resistance the capacity and resistance of the cell. The frequency 
was at the same time easily calculated by noting the value of the vari- 


| To oscillator 


~ Phones 


| [8 3Three stage amplified) 
Shield = 
Fig. 1. Audio frequency bridge. 


able inductance required to balance this capacity; f then being equal 
to 1/27./LC. These calculated values were checked at several points 
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Fig. 2. High frequency bridge. 


by means of tuning forks. At frequencies above the audible range a 
heterodyne beat method of detection was used, the beating current 
being supplied by a vacuum tube oscillator. This circuit and the de- 
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tector circuit from the bridge were loosely coupled to a third coil 
which led to a detector and amplifier. The frequency was measured 
by means of aS. C. R. Signal Corps wavemeter. 

In order to make these measurements strictly comparable with 
Jolliffe’s results the cells he had used (shown in Figs. 3 a “Cell A’’) 
were again employed in the first part of this work. The electrodes 
consisted of either gold or platinum rods of 1 mm radius sealed into 
glass tubes with DeKotinsky cement and then ground down so that 
only the cross section was exposed. They were usually placed so as to 
be between .5 and 1 mm apart. 


Fig. 3. Diagrams of electrolytic cells. 


RESULTS 


Before giving the results of the capacity-frequency runs several of 
the precautions which were needed to secure consistent results will be 
described. The earliest experimenters found that the polarization 
capacity was a function of the applied voltage but that a constant 
value was approached as the polarization potential was reduced. This 
so-called initial capacity has the most significant theoretical explana- 
tion and is therefore of the most interest. Since this change of capacity 
with potential had only been determined for direct charge, however, 
it was thought worth while to make a few rough determinations of 
this relation at several frequencies. To measure the potential drop 
across the cell a transformer with an input impedance of about 15,000 
ohms was shunted across, and a vacuum tube was attached to the out- 
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put as a detector. The change in plate current was read by means of 
a d.c. galvanometer. The whole transformer, vacuum tube, galvanom- 
eter system was calibrated throughout the frequency range and gave 
very satisfactory service, showing a change after a year’s use which was 
less than the calibration errors. As all the curves giving the relation 
between capacity and potential were similar only one is shown in 
Fig. 4. The capacity C and phase angle W as defined above are both 
plotted against the potential drop at the electrodes, i.e., the total 
drop over the cell minus the drop due to the resistance of the electrolyte. 
The resistance of the cell was calculated from known conductivity 
data and from the dimensions of the cell. The most important points 
to be noted in these curves are the asymptotic values approached by 
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Fig. 4. Curve 1. Polarization capacity as a function of peak voltage at 1340 
cycles per sec. Cell A, Pt—10% H:2SQ,. 


the capacity and phase angle below .1 volt and their more rapid 
increase above this value. This limit for the initial capacity corresponds 
well with that found by direct charge methods. 

In making the capacity-frequency measurements the potential 
applied to the cell was always kept below this critical value by deter- 
mining the potential applied by means of the volt-meter, or, when this 
instrument could not be used, by reducing the current through the cell 
until further reduction caused no change in the bridge setting. 

When the first measurements were made it was found that if it had 
taken some little time to make the reading with the comparison 
capacity, the cell did not immediately return to the same condition 
that it had previously shown. This was traced to a slight polarization 
which was set up in the cell when it was in the bridge circuit. Ap- 
parently even after the cell had been in the solution for a number of 
days some dissimilarities still existed in the electrodes which caused 
a small current to flow and polarize the cell. When the comparison 
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capacity was substituted for the cell the circuit was open and under the 
‘nfluence of diffusion and other causes this polarization gradually 
disappeared, to build up again when the cell was placed in the bridge 
circuit. It was thought best to eliminate this small variation by always 
measuring the capacity when the cell was self polarized. To do this 
connections were arranged always to keep the cell on short circuit 
while the comparison capacity was being used. 

In making capacity tests it was at first thought that a very pure 
sine wave should be used in order to get reliable results because of 
the change of capacity with frequency. Now, although the vacuum 
tube oscillator gives a wave which is quite satisfactory for most al- 
ternating current bridge purposes it cannot be said to be entirely free 
from overtones. As no data were available on the effects of these over- 
tones on the capacity measurements an investigation of their possible 
effect was made with some very interesting results. The method of 
procedure was as follows: Two oscillating circuits of different fre- 
quencies were simultaneously loosely coupled to the bridge input. 
The pitches were kept sufficiently different so that they could readily 
be distinguished and the bridge could be balanced with respect to 
either of them while the other was sounding. In this way capacity 
and resistance measurements were made with an alternating current 
of a certain frequency while one of any other desired frequency and 
intensity was at the same time present. 

The results of this test showed conclusively that overtones were 
not affecting the measurements. The balance point determined by 
‘means of either pitch was absolutely independent of the presence or 
absence of the other. This was even true when the supposed disturbing 
pitch had an intensity greater than that of the pitch being used for 
measurement. 

These facts have further application of interest. It has been sug- 
gested by various experimenters, laterly by Haworth* and Gunther- 
Schultze,® that the capacity in certain cells might be due to the forma- 
tion of a thin gas film, or sometimes a poorly conducting layer varying 
from one to a few molecules in thickness, this film acting as the leaky 
dielectric of a thin parallel plate condenser. In order to explain on the 
basis of this theory the change of capacity with frequency, it is neces- 
sary to assume that the thickness of this film changes. Since it is the 
thickness of this film that determines the capacity and only one thick- 
ness is possible at any particular time, we must draw the conclusion 


8 Haworth, Far. Soc. Trans. 16, 365 (1920). 
® Gunther-Schultze, Zeits. f. Physik 2, 36 (1920). 
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that when two frequencies are simultaneously impressed on the cell 
the capacity shall be the same for each. This is in contradiction with 
the observed facts. The theories of Warburg® and Kruger,’ however, 
predict just the results that have been found true. The back electro- 
motive force of polarization in their theories is determined by the 
solution of a partial linear differential equation of the second order 
in two variables, time and distance from the electrode, with one boun- 
dary condition determined by the form of the impressed current and 
the other by the fact that the function must vanish at ©. Now 
it is known that if the function defining the first boundary condition 
be expressed as a sum of simple harmonic terms, the solution of such 
an equation will be of the same form, the coefficient of each term being 
independent of the other. Applying this to the experiment given above, 
the back electromotive force corresponding to each applied sine current 
will be independent of the presence of the other and therefore each 
pitch will keep its own capacity in agreement with the results of these 
experiments. 

It is well known that the resistance of an electrolyte and also its 
polarization capacity have considerable temperature coefficients. To 
guard against the errors due to possible temperature changes while 
the measurements were in progress, the cells were in the later experi- 
ments constantly kept in ice filled Dewar flasks. 

Another possible source of error enters when it is desired to make 
the measurements of capacity shortly after the electrodes have been 
immersed in the electrolyte. After a cell has been set up, its capacity 
’ changes quite rapidly for some time, so that it is necessary to make a 
correction for this effect. It was found that the rate of change of 
capacity was almost constant over a short time interval and that the 
proportionate change was nearly the same for the different frequencies. 
A true temperature coefficient of capacity could therefore be deter- 
mined for some mean frequency, and the correction computed for each 
measurement when necessary. 

With these precautions and corrections, very consistent results 
could be secured as will be shown by the succeeding curves. Curves 2, 
3, and 4 (Fig. 5) show the results of some tests taken with Jolliffe’s 
cell using sulphuric acid. A diagram of the electrodes of this cell is 
shown in Fig. 3 under the heading ‘‘Cell A.” In these curves, there are 
plotted against frequency the polarization capacity C in Wien’s formula 
and the phase angle y. 

In order to make the interpretation of the results easier, logarithmic 
paper has been used. The slope at any point thus shows the power 
relation that holds at that point between the capacity and frequency. 


762 IRVING WOLFF 


The data plotted in curve 2 were taken before the radio frequency 
bridge had been set up, and while Jolliffe was still taking data. There 
is a gap, therefore, between 6000 and 120,000 cycles per second, but 
the change in the slopes of the capacity-frequency curves between these 
points is very apparent. The slope of the capacity curves plotted on 
logarithmic paper, although changing at the low frequencies, is very 
nearly .3; at high frequencies it is close to .5, as also determined by 
Jolliffe in other cases, who found at these frequencies that the 
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Fig. 5. Curves showing change in capacity with frequency. Curve 2, cell 4, 
Pt—10% H2SOu; curve 3, cell A, Pt—1% H2SOu; curve 4, cell A, Pt 
—6% H.SO,; curve 5, cell B, Pt—6% H2SOu; curve 6, 
cell A, Au—1% H2SOx. 


capacity was almost inversely porportional to the square root of the 
frequency. This curve also shows the increase in the phase angle which 
might have been expected from a comparison of the previous work 
in the low and high frequency ranges. 

Curves 3 and 4 were taken with the same electrodes. The data for 
curve 3 were taken after the electrodes had been standing in the 
air for almost a year since last used. Before taking the data shown 
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in curve 4 the electrodes were remounted and polished and then left 
standing in distilled water until used. Both curves 3 and 4 are very 
similar to 2. 

There was some doubt as to whether the change in the stream lines 
as the frequency became higher might not have been the cause of 
the change in the law at the higher frequencies. A cell with an entirely 
different arrangement of electrodes was therefore built to test this 
supposition. It is shown in Fig. 3 as “Cell B.”” The capacity-frequency 
relation for this cell is shown by curve 5. It will be noticed that it is 
very nearly of the same form as the others. 

Curve 6 shows the same relations for a cell of the Jolliffe type using 
gold electrodes in sulphuric acid. It will be noted that although the 
capacity in this case happens to be approximately one quarter as great 
as in the case of platinum the curve form both for capacity and phase 
angle is substantially the same. 


CONCLUSIONS 


1. When two harmonic alternating currents of differing frequencies 
are simultaneously impressed on a cell, the polarization capacity 
measured by means of either one is independent of the presence of the 
other. 

2. The previous discordant observations giving change of capacity 
with frequency in a platinum sulphuric cell and gold sulphuric acid 
cell at low and high frequencies have been coordinated by showing 
that the law connecting capacity with frequency changes between 
3000 and 100,000 cycles per second. 

3. This change is due to a true polarization capacity effect and is 
not caused by change in stream lines in cell at high frequencies. 

4. The initial capacity begins to change at the same potential for 
alternating current as it does for direct charge. 

5. Confirming Jolliffe’s? observations the Warburg and Kruger 
theories require modification in order to explain the change of phase 
angle and the increasing rate of change of capacity with frequency 
as the frequency is raised. These modifications in the theory will be 
discussed in an article to appear shortly. 

In concluding the author wishes to express his appreciation to Pro- 
fessors C. C. Murdock and Ernest Merritt for their kindly help and 
genuine interest in the above work. 
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THE EMISSIVITY OF BISMUTH IN A MAGNETIC FIELD 
| By C. W. HEAPs 


ABSTRACT 

Electromagnetic theory and the experiments of Hagen and Rubens lead to 

the formula 5E/E =6c/(2c), where 6E is the change produced in the emissivity 

E of a metal for long heat waves by a change 6c in the electrical conductivity o. 

Using a thermopile to detect 6E a magnetic field of 4900 gauss was used to 

produce the do in bismuth plates kept at about 100°C. No effect of the field on 

E was observed for polished surfaces, surfaces etched with nitric acid, or sur- 

faces of a plate cast in vacuum. A change of E ten times smaller than the 

expected result could have been detected. Possible causes of the negative result 

are (1) the presence of emitted energy of too short a wave-length, (2) the 

absence of magneto-resistance in bismuth for high frequency currents, and 

(3) the absence of magnetoresistance in surface layers of bismuth. Reasons 

are given for rejecting (1) and (2) and accepting (3) as an explanation of the 

experiment. 

HE behavior of a metal towards radiation of sufficiently long 
wave-length can be predicted in many respects from a knowledge 
of the conductivity of the metal. Maxwell’s theory gives for the re- 
flecting power, R=100—200/~/oT, where o is the conductivity of 
the metal and T the period of the incident radiation. For waves longer 
than 4u Hagen and Rubens! have verified this relation experimentally. 
If A is the absorbing power we have A=100—R=200/y T. By 
Kirchhoff’s law we may write A =E/e, where E is the amount of radia- 
tion emitted per second by the metal and e is the amount emitted by 
a black body of the same area and temperature. Thus E/e=200/ oT. 

Any factor, therefore, which changes the electrical conductivity of 
a metal should change its emissivity for radiation of a particular period. 
It follows from the above equation that a small change, 6a, in the con- 
ductivity will produce a change 6£ in E, given by the equation 6E/E= 
—6a/(2c). A similar relation gives the change of absorbing power of 
the metal when its conductivity changes. 

In 1898 Buisson? attempted to detect the change of absorbing power 
of bismuth when its resistance was increased by a magnetic field, but 
he failed to obtain positive results. His bismuth, in the form of thin 
electrolytically deposited plates, was transparent enough to allow visual 
observation of an illuminated window through the metal. A magnetic 
field capable of increasing the resistance of the plate by 60 percent 
failed to change the brightness of the observed image by any appreciable 


1 Hagen and Rubens, Ann. d. Physik 11, 873 (1903). 
2 Buisson, Comptes Rendus 126, 462 (1898). 
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amount. Buisson suggested as an explanation of his negative result 
that a magnetic field does not affect metallic resistance for the high 
frequencies of light waves. The more recent work of Hagen and Rubens 
has shown, however, that the equations given above, deduced by Max- 
well’s theory, do not apply for the high frequencies of visible light, 
but for waves in the infra-red, beyond Su, a very perfect agreement 
was obtained.’ For these long waves the emissivity and reflecting 
powers of metals were found to vary in accordance with the theory 
when the conductivity was changed by altering the temperature of 
the metal. Constantan showed very little change of optical properties 
with temperature because its resistance changed very little. 

‘It would appear probable, therefore, that Buisson’s negative results 
were due to the employment of too short a wave-length. If the re- 
sistance change produced in bismuth by a magnetic field is similar in 
nature to the resistance change produced by a temperature elevation 
we should certainly expect an effect on the absorption and emission 
for radiation beyond 4u. 

The writer has performed experiments on bismuth using long waves 
and the expected effect has not been found. 


EXPERIMENTS 


For several reasons it is more convenient to measure the energy 
emission of bismuth than its absorbing or reflecting power. The first 
experiment was performed on a bismuth plate, cast and polished. This 
plate, of dimensions 3X5 X0.2 cm approximately, was soldered to 
one side of a copper box and placed between the poles of a Weiss 
electromagnet. The pole-pieces were 3.5 cm apart and 10 cm in diam- 
eter. Water in the copper box was kept boiling by means of an electric 
heater, and a thermopile connected to a high sensitivity galvanometer 
was used to receive the radiated heat. The thermopile was mounted 
in a case provided with the usual shielded aperture and care was taken 
to exclude all radiation except that from the bismuth plate. 

The galvanometer deflection was 27.0 cm and a magnetic field of 
4900 gauss failed to produce any observable change in this deflection. 
The bismuth plate was then etched with nitric acid so that the crystal 
structure showed up very clearly, but the new surface gave no different 
result. There appeared, however, to be a thin film of impurity over the 
surface of the metal so a new plate was made as follows. 

Bismuth was melted in a Pyrex bulb to which a second bulb with 
flat bottom had been sealed. The air was pumped out and the melted 


’ Wood, Physical Optics, p. 475. Hagen and Rubens found, however, an anomalous 
behavior in the case of bismuth. 
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bismuth agitated and heated for some time while the pump was run- 
ning. By tilting the evacuated container the molten bismuth was now 
allowed to run into the flat-bottomed bulb where it solidified in the 
form of a plate. This plate was removed by breaking the bulb. 

Both surfaces of the plate were apparently very clear and highly 
reflecting. By viewing these surfaces when illuminated by a single 
distant lamp, crystal faces could be observed flashing into view as 
the plate was rotated. The average area of these separate crystal 
faces was probably about one square millimeter. This plate was 
clamped to one side of the copper box and the effect of the magnetic 
field on its emissivity determined. Neither face of the plate showed 
any change of emissivity capable of being observed. 

The galvanometer deflection was 30.0 cm and a change as large as 
0.2 cm could not have escaped detection. The value of 6E/E was thus 
less than 0.007. The value of 60/o for bismuth spirals in the field used 
is about 0.15, and is probably of about this magnitude for the bismuth 
plates used. Thus the effect of the magnetic field on the emissivity 
must be at least ten times smaller than the effect to be expected from 
the conductivity change. 


DISCUSSION 


To explain the absence of any effect of a magnetic field on the emis- 
sivity we may consider the possible operation of the following three 
factors. 

1. The radiation may contain enough short waves to mask the 
effect of the field on the long wave emission. From the work of Hagen 
and Rubens we may assume that the emission of waves shorter than 
4u will be unaffected by the resistance change of the bismuth, while 
the emission of waves longer than 4y is represented by the equations 
given above. 

To get an estimate of the relative amounts of energy above and below 
4u we must know the form of the energy distribution curve. Aschkinass? 
has developed a theory for metals radiating waves longer than 4p 
and has shown that Wien’s displacement law becomes \,»,8=2660, 
if @ is absolute temperature and \, is wave-length in microns. His 
theory also gives S/E=0.0221 (7,/d)!, where E is the ordinate of the 
energy distribution curve for a black body according to Planck’s 
formula and S is the ordinate at the same temperature and wave- 
length of the energy distribution curve for the metal. 7 is the resis- 
tivity of the metal at 0°C in ohm cms. It appears, therefore, that the 


¢ This method of observing crystal structure is due to P. W. Bridgman, Proc. Amer. 
Acad. 60, 305 (1925). 


5 Aschkinass, Ann. d. Physik 17, 960 (1905). 
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energy distribution curve for the metal is of the same general shape as 
for a black body, but the maximum is displaced to shorter waves and 
the whole curve is relatively higher in the short wave region. 

Wien’s law, therefore, as modified by Aschkinass, gives Am=7.13y 
for the bismuth plate if its temperature is 100°C. Since the tempera- 
ture must have been lower than this \,, was somewhat greater than 
the above value. The theory of Aschkinass will not apply for radiation 
below 4u. Rough graphical methods, however, may be applied to the 
curve for black body radiation, modified beyond 4y in accordance with 
the theory of Aschkinass. Such methods make it appear very unlikely 
that more than one-twelfth of the energy radiated by the bismuth 
plate had a wave-length less than 4u. This amount of energy, unaffected 
by the magnetic field, would not be sufficient to mask the effect of the 
field on the greater amount of energy in the long waves. 

2. The resistance of bismuth for high frequency currents may not 
be changed by a magnetic field. It is known that the magnetoresistance 
of bismuth for alternating currents differs from that for direct currents. 
Heurlinger’s theory,’ however, which ascribes this difference to the 
interaction of galvano- and thermo-magnetic effects, appears to give 
a satisfactory explanation of the observed phenomena (which have 
been confined to lower frequencies than those of light). Heurlinger 
gives the equation p’—p= —PQH?”, where p’ is the resistivity of the 
metal in the field H as the frequency of the current approaches in- 
finity,’ and p is the resistivity in the field for direct currents. P is the 
coefficient of the Ettingshausen effect and Q the coefficient of the 
Nernst effect. For bismuth in a field of 6000 gauss Heurlinger finds 
— PQH?/p,=0.003, where po is the resistivity when H=0. There is 
thus a difference of 0.3 percent between the a.c. and d.c. resistance of 
bismuth in a field of 6000 gauss when very high frequencies are used. 
The d.c. resistance change produced by this field is about 20 percent, 
so it appears that if Heurlinger’s theory is complete, the high frequency 
_ magnetoresistance of bismuth differs very little from the d.c. magneto- 
resistance. 

3. The surface layers of bismuth may be unaffected by the magnetic 
field while the body of the metal has its resistance changed. For 
several reasons® it appears probable that a magnetic field changes 
the resistance of bismuth by altering the number of electrons effective 
at any instant in carrying the current. If equilibrium exists between 
a group of conducting electrons and a group of bound electrons it is 
entirely conceivable that a magnetic field may alter the equilibrium 


6 Heurlinger, Phys. Zeits. 17, 221 (1916). 
7 Resistance change due to skin effect is not considered in the theory. 
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conditions so as to change the number of electrons in the respective 
groups. The molecules on the surface of the metal will be subjected, 
because of surface tension effects, to conditions different from those 
in the body of the metal. These molecules may react differently, 
therefore, towards a magnetic field. : 

There is considerable evidence in favor of this view. Magneto- 
resistance for thin bismuth films is smaller than for bismuth in bulk; 
and the thinner the film the less appears to be the magnetoresistance. 
Films which have been examined in this respect by Curtiss’ consisted 
of small crystals of random orientation. If the crystal composition 
of the films of different thicknesses (as determined by resistance 
measurements) was the same the magnetoresistance differences must 
have been due to the increased relative importance of surface layers 
for the thinner films. There is some doubt, however, of the identity 
of crystal structure of the different films. 

It seems to be certain that the position relationship of molecules 
of a metal to each other is of profound influence on the magnetic 
quality of the metal. Thin amorphous films of nickel are non-magnetic.” 
Liquid metals do not show a true magnetoresistance. Surface layers 
of iron appear to have a smaller induction than deeper layers, while 
the converse is true for nickel." 


CONCLUSION 


While the experimental evidence is not conclusive it nevertheless 
seems probable that the failure of a magnetic field to affect the emis- 
sivity of bismuth is due to the absence of magnetoresistance in the 
surface layers of the metal. Hagen and Rubens found bismuth occu- 
pying an anomalous position as regards reflection and emission Co- 
efficients in the list of metals which they investigated. They suggested 
as reasons for this peculiarity the difficulty of securing good reflecting 
surfaces of bismuth and the known anomalous behavior of bismuth 
in other respects. It is possible that the electrical resistance of surface 
layers of bismuth is different from the body resistance even when no 
magnetic field acts. 


THE RIcE INSTITUTE, 
Houston, TEXAS, 
March 20, 1926. 


8 Heaps, Phys. Rev. 19, 7 (1922); 12, 340 (1918); Phil. Mag. 50, 1001 (1925). 

® Curtiss, Phys. Rev. 18, 255 (1921). 

10 Ingersoll and DeVinney, Phys. Rev. 26, 86 (1925). 

1 McKeehan, J.0.S.A. and R.S.I. 11, 169 (1925), has attributed this effect to strains 
in the surface layers produced by previous treatment, but on this view it is difficult to 
explain’some of the results of E. H. Williams, Phys. Rev. 33, 60 (1911). 
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TEST FOR SPACE QUANTIZATION IN A MAGNETIC FIELD 
By B. B. WEATHERBY AND A. WoLF 


ABSTRACT 


The heterodyne beat method was used to detect a possible change in the 
dielectric constant of gases, due to space quantization in a magnetic field. 
A condenser, forming a part of one oscillating circuit of about 1,000,000 cycles 
frequency, was filled with the gas investigated and the magnetic field then 
applied. The results obtained show that for helium (20 cm pressure), air (76 
cm) and oxygen (76cm) at room temperature there is no change in the dielectric 
constant td 1 part in 500,000. The magnetic field was of the order of 7000- 
8000 gausses, while the electric field was estimated at 5000-10,000 volts/cm. 
The tests were carried out with the direction of the electric field both parallel 
and normal to the direction of the magnetic field. 


N a recent article,| Ruark and Breit suggested that it might be 

possible to test for space quantization of gases in a magnetic field 
through a comparative determination of the dielectric constant of 
the gas across and along the lines of force of the magnetic field. If 
we consider an atom to be an electrical doublet subjected to space 
quantization in a magnetic field, it is reasonable, even in the absence 
of any accurate calculation, to. expect an appreciable change in the 
dielectric constant of the gas when the field is applied. The magnitude 
- of this change ought moreover to be different, depending on whether 
the electric field, used for the determination of the dielectric constant, 
is parallel to the magnetic lines of force or perpendicular to them. 
Since the changes in dielectric constant so produced may be very small, 
a highly sensitive test must be used in looking for them. 

So little is known with regard to the interaction of electric and mag- 
netic fields in the atom that negative results of experiments along these 
lines need not necessarily be considered an evidence against space 
quantization. It is thought that such studies are nevertheless of in- 
terest in connection with theories of atomic structure. 

The test for a possible change in the dielectric constants of oxygen, 
air, and helium, in a magnetic field, was carried out by means of ap- 
paratus essentially the same as a Whiddington ultramicrometer,’ 
consisting of two modified Hartley oscillators. The condenser in one 
of these was variable and used for the adjustment of the beat freq- 
uency. The condenser in the second circuit was made of two alumi- 
num plates 2X10 cm separated by about 0.2 mm and was fixed in 


1 Ruark and Breit, Phil. Mag. 49, 504 (1925). 
2 Whiddington, Phil. Mag. 40, 634 (1920). 
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value. This second condenser was enclosed in a glass tube filled with 
the gas investigated and placed between the poles of a Du Bois electro- 
magnet. The usual precautions, with regard to shielding, were observed. 

Details of the circuit arrangement are shown in Fig. 1. Western 
Electric 5-watt tubes were used as oscillation generators. The system 
of chokes and blocking condensers was necessary in order to make 
possible the use of a single high tension battery. 

The oscillation frequency was about 1,000,000 cycles per second 
and the beats were sufficiently steady over short intervals of time to 
permit the making of measurements. A residual drift and variation 
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Fig. 1. A, B, vacuum tubes; D, fixed condenser; E, F, variable condenser and vernier; 
G, loud speaker; a, 6, c, d, e, choke coils and radio frequency by-pass condensers. 


observed in the beats was believed to be due to three causes; (1) 
charges collecting on the inner walls of the vacuum tubes, (2) motion 
of the shielding plates due to humidity and temperature changes in 
the room, (3) imperfect insulation. 

The usual procedure was as follows: the variable condenser was 
adjusted until the beats could be easily counted; the number of beats 
in a given time was taken with the magnetic field off; the current in 
the electromagnet was then switched on and the number of beats in 
the same interval of time counted again. This was done first with the 


condenser plates set parallel and then with them perpendicular to 
the magnetic field. 
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A few typical readings are given below. 
Number of beats in 2 sec. 


; oxygen helium air (brass case condenser) 
Magnetic field off: Saran O 6 6 12 iz 
Magnetic field on: ot we iS 12 


Each of these sets of observations was taken with a fixed setting 
of the variable condenser. 

When using the condenser described above there was almost al- 
ways observed a small change in the beat frequency when the current 
in the magnet was turned on. This change however corresponded to a 
variation of the frequency of the oscillating circuit of less than one 
part in a million. —The same change was observed when the glass tube 
containing the fixed condenser was evacuated and it was therefore 
ascribed to a mechanical effect of the magnetic field on the condenser. 
A condenser of different design with plates clamped rigidly inside a 
metal case eliminated the effect completely. This second condenser 
was, however, used only in the experiments with air. 

The observations show that with an electric field estimated at 
5,000-10,000 volts per cm the oscillation frequency did not change 
by more than 1 part in a million when a magnetic field of 7000-8000 
gausses was applied. Air and oxygen were investigated at atmospheric 
pressure and helium at a pressure of 20 cm Hg. All observations were 
made at room temperature. 

As the formula for the frequency of an oscillating circuit is f= 
1/2rV/LC the above results mean that the dielectric constants of the 
gases investigated do not change by more than 1 part in 500,000 when 
a magnetic field is applied under the conditions of the experiment. 
(No correction was here applied for the capacity of the leads.) Different 
results might have conceivably been obtained at low temperatures 
or with a smaller electric field. 

The dielectric constants of gases at ordinary pressures are so close 
to unity that a precision of 1:500,000 in the dielectric constant cor- 
responds to much less precision when the average polarization of the 
atoms and molecules is considered. Under the conditions of the ex- 
periment our results show that when the magnetic field is applied, 
the average electrical polarization of oxygen and air does not change 
by more than 1:250 of its value, while that of helium, which was used 
at a lower pressure and has a dielectric constant closer to unity, does 
not change by 1:10 of its value. 

In conclusion we wish to express out thanks to Professor Cok 
Bazzoni who suggested carrying out this test. 


RESEARCH SECTION, RANDAL MorGAN Puysics LABORATORY, 
UNIVERSITY OF PENNSYLVANIA, 
January 1926. 
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THE HALL EFFECT IN BISMUTH WITH LOW 
MAGNETIC FIELDS . 


By PALMER H. CRAIG 


ABSTRACT 


The Hall effect in bismuth for a magnetic field strength of from 0.07 to 
1.00 gauss was accurately determined by improved methods. Production of 
the bismuth films. Various methods for obtaining excessively thin, homogeneous 
bismuth films were tried and compared, such as casting, electroplating, 
evaporating, sputtering, and metallic spraying, of which the last three methods 
were particularly successful. Measurement of very low voltages. By refinements 
made in the potentiometer and measuring circuits, readings to one-tenth micro- 
volt were accurate and reproducible. Magnitude of the Hall effect at low fields. 
The value of the Hall coefficient, R, is abnormally large between 0.07 and 
0.30 gauss, having a value of —171 at 0.07 gauss, as compared with a value of 
—11 which R had for this film at 15 gausses. The value at 4220 gausses was 
—29. A curve is plotted showing the rapid decrease in the value of —R 
between 0.07 and 0.30 gauss, and comparison is made with the higher values 
of field strength. It is noted that by putting the Hall potential of one film 
in series with one or more other films we obtain comparatively high values 
of the Hall e.m.f. which may be applied to great advantage as an alternating 
current rectifier in radio and similar applications. 


INTRODUCTION 


Gace the discovery of the Hall effect in 1875 much has been done 


to elucidate this phenomenon both experimentally and theoretically. 
But, with the exception of Righi,! who employed fields comparable to 
that of the earth, and a few others, almost all investigators have used 
strong fields. It is important to know accurately the effect of low fields, 
to compare it with the known facts and to determine whether any 
abnormal relations exist. As the effect of the magnetic field is small in 
all cases, a great refinement in the potentiometer and measuring cir- 
cuits is imperative with weak fields, and the preparation of the bismuth 
strips presents great difficulties and requires special methods. 


PREPARATION—EXPERIMENTAL ARRANGEMENTS 


Since the Hall effect increases with the thinness of the metallic 
strip, the first requisite was to prepare extremely thin films of metal. 
Bismuth and tellurium, which have the highest Hall coefficient of 
the ordinary metals, were selected and six different methods were 
tried in order to find the best and quickest way of making films which 


1 Righi, Jour. d. Physique 3, 127 (1884). 
iiz 
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would be extremely thin and at the same time electrically continuous. 
These processes were casting, dipping, spraying, electroplating, evapo- 
rating, and sputtering. 

Thin films of bismuth cannot be produced by casting unless pressure 
is exerted on the surface of the metal as it cools, and provision must 
then be made for lateral expansion when solidifying. 

Surprisingly thin and uniform films were, however, obtained by 
dipping mica sheets into molten bismuth and using the metallic film 
which adhered to the mica. If the surface of the mica be slightly 
roughened with hydrofluoric acid, and care be used in withdrawing 
the mica from the molten metal, a very thin and uniform film can 
be obtained by this very simple and rapid method. 

Much work was done by the author to produce very thin plates of 
bismuth and tellurium by the process of spraying molten metal. Ex- 
cellent results were obtained both with the “Schoop”’ compressed air 
metallic spraying process, and also with the “Gravitas’’ metal dust 
spraying process. Cooperation in this part of the work was kindly 
rendered by the Metals Coating Company of Philadelphia. Both 
of these spraying processes involve spraying metals in the molten 
state by means of a compressed air gun. In the case of bismuth it 
was found advisable to use compressed nitrogen, instead of air, in 
order to prevent oxidation of the sprayed layer. When applied to 
mica, glass, and bakelite, excellent films of both bismuth and tellurium 
were obtained. 

Attempts to produce homogeneous films by. electroplating met with 
poor results, even when great care was used as regards temperature, 
speed of the rotating cathode, and concentration of solution. 

Evaporation of molten bismuth in a partial vacuum produced very 
good results. Bismuth was placed inside an evacuated bell-jar and was 
melted by an electric heater. A glass plate, suspended above the ar- 
rangement, collected the evaporated bismuth in the form of excellent 
films. 

Cathodic sputtering undoubtedly produces the thinnest films of 
any method. With reasonable care bismuth films can easily be pre- 
pared by this method so thin as to be quite transparent. Sputtering 
was accomplished by applying the secondary current of a 20,000 volt 
transformer to anode and cathode electrodes placed inside a bell jar 
evacuated to 30 microns. Rectification of the secondary current by 
a kenetron accelerated the action. A disc of bismuth 3.5 inches in 
diameter was used as a cathode, and the glass plate on which the film 
was to be sputtered was placed just outside the Crookes’ dark space, 
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which was about 2 cms long. With a current of 5 milli-amperes ex- 
cellent films were produced on glass in about 20 minutes. 


DISPOSITION OF THE APPARATUS 


The very weak magnetic fields employed in this work were obtained 
from an air core solenoid. When a given current is passed through 
such a coil the field at the center is easily calculated. This calculated 
value was checked by a calibrated ballistic galvanometer in con- 
junction with a flip coil. The actual coil employed consisted of 100 
turns of wire wound on a rectangular wooden form 8X11 cm in 
cross-sectional area, the size of this form being just large enough to 
accommodate the film used. The inductance of this coil was 2.5 milli- 
henries, and it was therefore necessary to pass 35.2 milli-amperes 
through it in order to get a field of one gauss at the center. Because 
of the extremely low values of magnetic field used, it was necessary 
to shield the arrangement carefully from any action of the earth’s 
and stray fields. Several methods were tried to accomplish this shield- 
ing, the one finally adopted being that of placing the set-up so that 
the plane of the bismuth film coincided exactly with the magnetic 
inclination of the earth’s field at that point, thus eliminating any 
magnetic component in a direction perpendicular to the plane of the 
metallic film. Care was taken to keep all iron away from the vicinity 
of the apparatus, and upon actual measurement stray fields were found 
to be negligible. 

Chemically pure bismuth for producing the films was furnished by 
Eimer and Amend and the film itself, obtained by any one of the 
previously described. methods, was mounted on bakelite with sodium 
silicate as a binder. Contact at the ends for the longitudinal current 
was made by phosphor-bronze spring clips, and contact at the edges 
of the film, for picking up the transverse Hall potential, was obtained 
by means of small brass fingers attached to machine screws passed 
through the bakelite. The surface of the film was carefully cleaned 
with weak hydrochloric acid solution to remove surface oxides, and the 
entire film and connections were then painted with sodium silicate 
to keep semi-conducting layers of dirt and moisture from collecting 
on the surface of the film. In some cases it was even found advisable 
to mould the entire arrangement in sulphur to obviate this difficulty. 

Since the potential differences to be measured were of the order of 
one microvolt, extreme care was taken to render the measuring ap- 
paratus very accurate and stable. The transverse Hall effect potential 
was measured by means of a Leeds and Northrup type K potentiom- 
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eter, redesigned with a system of calibrated external shunts which 
increased the sensitivity of the instrument ten times. Four galvanom- 
eters of varying degrees of sensitivity were used with potentiometer 
for null readings, the most sensitive galvanometer having a sensitivity 
of 12.2 mm per M.V. The longitudinal current through the film was 
supplied by large storage cells, the output of which passed through a 
large filter system of two very large inductances in series with the line, 
the lines being shunted by two condensers of six microfarads each. 
This filter eliminated erratic action caused by sudden fluctuations of 
the longitudinal current occasioned by bubbling of the cells. 

The main current through the potentiometer itself was passed 
through a similar filter and was allowed to flow over night before 
taking readings so that greater stability could be expected. The null 
potentiometer reading on the standard cell was checked before and 
after each measurement. 

Great care was taken to eliminate all spurious effects. Thermal 
effects, of course, constituted the greater part of these corrections. 
Junctions of dissimilar metals in the circuit were reduced to a mini- 
mum, and the remaining potentials due to Thomson and allied effects 
were accurately measured the instant the longitudinal current was 
broken. Grounding one side of the potentiometer circuit was found 
to increase stability. 

For the work at high magnetic fields, a large electromagnet was used. 
This magnet was capable of producing a field of 18,000 gausses in a 
narrow air gap, the field of which was measured by a calibrated bal- 
listic galvanometer in conjunction with a flip coil. 


EXPERIMENTAL RESULTS AND DISCUSSION 


Using a bismuth film obtained by metallic spraying, 3.58.0 cm 
in area and 0.012 cm thick, the results shown in Table I were obtained. 
These results are in agreement with those obtained with films of the 
other types described previously. In this table three different ranges 
of magnetic field strength were investigated with the same bismuth 
film and under the same general conditions. A longitudinal current 
of 1.5 amperes was used throughout Table I. The “residual’’ e.m.f. 
(measured in microvolts) which is referred to in the second column 
is the potential difference caused by the fact that the brass fingers 
which pick up the transverse Hall potential cannot possibly be placed 
at exactly equipotential spots with regard to the longitudinal current. 
These contacts were placed as near to equipotential points as possible 
and the remaining difference of potential was measured as given in 


776 PALMER H. CRAIG 


the second column of the table. The second and third columns auto- 
matically include the sum of the thermal effects, since it is of course 
impossible to eliminate these thermal potentials from the potentials 
indicated in these columns. However, the spurious effects are eliminated 
when column two is subtracted from column three in order to get the 
_net Hall e.m-f. in the fourth column. The Hall coefficient, R, given 
‘n the fifth column is calculated from the usual formula,? R= Ed/IH, 
where R is the Hall coefficient, d the thickness of the film in centi- 
meters, J the longitudinal current in abamperes, H the magnetic field 
strength in gausses, and £ the net Hall e.m.f. 
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It is immediately apparent that the Hall coefficient is abnormally 
high in the range of very low fields, and falls rapidly in value as the 
field is slightly increased. Reference to the graph shows a slight ir- 
regularity near 0.1 gauss, a straightening out of the curve at about 
0.3 gauss, and then an approximately linear relation until a field 
strength of 1.0 gauss is reached. Readings in an intermediate range 
of zero to 30 gausses showed that —R is practically constant at a value 
of 11 throughout this range. This value agrees very well with the value 
of 10.27 which Von Ettingshausen and Nernst* found for bismuth at 
a field of 1650 gausses. In the range from 1000 to 4200 gausses the 


2 L. L. Campbell, ‘“Galvanomagnetic and Thermomagnetic Effects,” p. 9. 
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coefficient increases slightly from 15 to 29. This curve was selected 
from a dozen similar graphs as being one of the most representative, 
and the irregularity in the neighborhood of 0.1 gauss is typical of similar 
irregularities in all curves obtained with the various films. 

These results show that the value of —R at very low fields is higher 
than has been heretofore suspected and that the curve for — R, plotted 
against field strength, shows a marked rise in this low range. 

Each of the values in Table I are average values for approximately 
twelve readings at each value of field strength. These readings are 
reproducible to approximately one-tenth of a microvolt, and the 
readings forming the averages did not vary more than this amount. 

During the course of the experiments an interesting incidental fact 
was discovered, namely that the Hall potential of one film may be 
put in series with that of one or more other films, the sum of these 
series potentials agreeing very well with the calculated sum of the 
Hall potentials of the individual films as observed separately. A\l- 


TABLE I 
Hall effect in bismuth for low, intermediate, and high fields 
Fieldstrength ‘‘Residual’”’ ‘‘Residual’’ + Hall Net Hall e.m-f. -R 
(gausses) e.m.f. (u volts) e.m.f. (u volts) (u volts) 
.07 14.0 1545 5 171 
.08 14.1 15:6 5 150 
.09 14.2 15.07 sha 135 
10 14.2 15.8 1.6 133 
13 14.4 16.1 a7 131 
mS 14.3 16.9 Zou 126 
.24 14.0 16033 25 i 
.29 14.6 B16) 6.5 18 
.30 14.5 19.8 ny, 14 
5Y) 14.4 19.6 Se 13 
505 14.8 2055 Bete 13 
.50 14.6 Boal, a | 13 
.80 14.6 26.6 12.0 12 
1.00 14.6 29.6 15.0 i! 
1.0 14.5 29.5 15.0 12 
15.0 14.3 ntoKe | 20.8 ti 
28.5 14.4 60.4 46.0 11 
1000 14.0 1889 .0 1875.0 15 
2500 14.0 7514.0 7500.0 24 
4220 14.0 15324 .0 15310.0 29 


though this fact has little application where quantitative readings of a 
high degree of accuracy are desired, it is of real importance in any 
application where larger values of Hall potential are desirable than 
those which can be obtained with a single film. The author is at 


3 Von Ettingshausen and Nernst, Wied. Ann. 29, 343 (1886). 
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present using this additive principle in an application of the Hall 
effect to rectification of alternating current with a method similar 
to that described by DesCoudres.4 The additive principle used in 
this connection produces a Hall potential of several volts in low fields 
with thin bismuth films, and thus gives the Hall effect a practical 
importance as a rectifier, especially in radio and similar applications. 
Work on the additive principle is also being done by Sarek.® 

The results here presented indicate that there is considerable work 
to be done in further investigating abnormalities in the Hall coefficient 
at very low fields, and also suggest that certain modifications or ex- 
planations will have to be introduced into the theory of the Hall effect 
to account for the interesting changes in the Hall coefficient at low 
fields. 

In conclusion, the author wishes to acknowledge his indebtedness 
to Dr. Louis T. More, Dr. R. C. Gowdy, and Dr. S. J. M. Allen for 
their kind help and valuable advice tendered throughout the progress 
of the work. 7 


UNIVERSITY OF CINCINNATI, 
Puysics LABORATORY, 
August 2, 1925. 


4 Des Coudres, Phys. Zeits 2, 586 (1901). 
’ Sarek, Eleck. u. Maschinenbau, 43, 172 (1925). 
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Poe OOK HERAT LOSSES BY CONDUCTION AND BY 
EVAPORATION FROM ANY WATER SURFACE 


By I. S. BowEn 


ABSTRACT 


It is shown that the process of evaporation and diffusion of water vapor 
from any water surface into the body of air above it is exactly similar to that 
of the conduction or ‘‘diffusion”’ of specific heat energy from the water surface 
into the same body of air. Because of this similarity it is possible to represent 
the ratio R of the heat loss by conduction to that by evaporation by the formula 


pene a 
R=.46 5 
P,,—P, } 760 


where 7, and P, are the original temperature and vapor pressure of the air 
passing over the lake, and 7, and Py are the corresponding quantities for the 
layer of air in contact with the water surface. The substitution of R times the 
evaporation loss for the value of the conduction heat loss in the Cummings 
equation for evaporation makes it an exact equation for the determination 
of evaporation from any water surface in terms of the net radiant energy 
absorbed by the water and the heat stored in the water. 


N his study of evaporation from lakes, Cummings! has assumed, 

as a first approximation, that the determining factor is the in- 
coming solar radiation, i. e. that the evaporation from any lake is 
roughly equal to the radiant energy falling on the lake divided by the 
latent heat of vaporization, corrected, of course, for heat stored in 
the lake due to any change in its temperature. This would be strictly 
true if we could neglect other heat losses such as conduction and con- 
vection, for since evaporation increases rapidly with the temperature, 
the lake would warm up to such a temperature that the heat lost by 
evaporation would be just equal to that gained by solar radiation. 
Wind and humidity would then not affect the total evaporation, but 
only the temperature that must be reached before equilibrium between 
evaporation and solar radiation is attained. The present paper is a 
theoretical attempt to evaluate losses by conduction and convection 
in terms of easily measurable quantities, and hence to determine 
whether they are small enough to be neglected; and if not, how they 
may be corrected. 

In order to simplify calculations, we shall assume in the first part 
of the paper that diffusion coefficients, conductivities, and densities 
are independent of the temperature. We can write at once for the 


1 Cummings, Phys. Rev. 25, 721 (1925); Journal of Electricity 46, 491. 
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mass m, of water vapor diffusing per unit time across a space of 
length J, and area a, 


m= Dya(pi—p2)/1 (1) 


p1 and p» are the densities of water vapor on the two faces of the space 
and D, is the diffusion coefficient of water vapor through air. 
If we multiply both sides of this equation by L, the latent heat of 
vaporization, we get 


Lm=D,a(Lpi—Lp2)/I (2) 


and if let 6, and 62 represent the energy per unit volume in the form 
of latent heat, the energy Qz carried across becomes 


O1=Dya(61—62)/1 (3) 


Likewise we can write the formula for the heat energy Qs carried, 
by conduction, across the same space as above: 


Q0,=Ca(Ti—T2)/1 (4) 


where C is the conductivity of the air in the space and 7, and T2 
are the temperatures of the two faces. 

If we substitute C=D.C,d, where Dz is the “diffusion coefficient” 
or diffusivity for the heat energy, Cp is the specific heat at constant 
pressure, and d is the density of the air, (4) becomes 


O,=D2a(TyCpd—T2Cpd)/I | (5) 


Or if we let y; and ¢» be the densities of specific heat energy at the 
two faces, 


Q.=D2a(¢i—¢2)/1 (6) 


It is seen at once that (3) and (6) are of exactly the same form, the only 
difference being in the values of Di and De, which, in fact, differ 
only by a few percent, (a relationship predicted by the kinetic theory). 
This leads one to expect that heat losses by evaporation and diffusion, 
and by conduction, will follow the same laws and will be affected in 
the same way by convection. 

Consider the case of a lake over which a wind is blowing (Fig. 1). 
Let y be the distance from the windward side of the lake measured 
parallel to the direction of the wind. Assume that the velocity of the 
wind at a distance x above the surface of the lake is f(x) and also that 
this velocity is large enough so that the velocity of horizontal diffusion 
is negligible in comparison with it. Then for any element of volume 
dxdydz the amount of latent heat entering the volume per unit time 
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from the lower side is —D,(00/0x)dy dz, while on the upper side the 


amount leaving is 
06 0 06 
— D,— -}- SEs d= Jax Jaya - 
CF. 2 ny Ox 


The difference, if we assume D, constant, is then D,(020/0x°)dxdydz. 
When a steady state is reached this net gain must be carried away by 
the air passing through the volume in unit time. The air in passing 


X 


- [D,82 + (D382) dx |dy de 


dg 
i 


(6 


d y} fo dxdz 


Fig. 1. 


through the volume dxdydz has its density of latent heat changed 

from @ to 6+(06/dy) dy; and since the volume passing per unit time 

is f(x)dxdz the total amount carried away is (00/dy) f(x)dxdydz. 
Equating these two quantities we get 


OF oa) 5 076 (7) 
—T(x) = as 
oy * Ox 
and by similar reasoning, 
dp. 09 
fay Die (8) 
oy Ox? 


as the general equations determining 6 and ¢ at all points above such 
a lake. The boundary conditions are g=¢1, 9=0; at x=0, and g=¢2, 
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6=60. at y=0. ge and 02 represent the energy density, in the form 
of specific and latent heat respectively, of the incoming air, and 1 
and 6; represent the corresponding densities for the layer of air in 
contact with the water. 

Since it is impossible to obtain a general solution of these equations 
for any function f(«) we will consider certain special values of f(x). 

Case I. f(x) =K from x=0 tox=a and f(x) =0 from x=a tox=@%. 
If a and K are small and the lake large, then the layer of air from x«=0 
to x=a will have its temperature changed to that of the water and will 
become saturated with water vapor, i. e., its specific heat density will 
change from ¢» to ¢ and its latent heat density from @; to 61. Evidently 
the ratio R of heat lost by conduction to that lost by evaporation is 


R=(g1—¢2)/(81— 92) (9) 


since this is the ratio of the two kinds of energy taken on by each cubic 
centimeter of the air passing over the lake. 

Case II. f(x) =0, from x=0 to x=a; f(x) =K, from x=a tox= ©. 
Tf the area of the lake is small and the velocity K large, then the water 
vapor and heat diffusing through the stationary layer from x=0 to 
x=a, will be carried away immediately and we can assume 9= $2, 
§=6 at the layer x=a. Under these conditions the rates at which heat 
and water vapor leave the water surface are determined solely by dif- 
fusion and the ratio between them is simply equation (6) divided by (335 


R=D.(¢1—¢2)/ Di(01— 92) (10) 


Case ITI? f(x)=Kx" trom x=0 to x= =- Professor Epstein has 
obtained equation (11) as a solution for this value of f(x). 


i 

K n+2 
x) ——— 
(n+2)2 Diy 


gN+2 
e~ do 


0 
6= 0, (0s (yt (11) 
o  gnte 
é. do 
0 


But the rate of diffusion from unit area of the water surface, \1. 65 
diffusion across the plane x=0, is 


1 


ie n+2 
nite) fs eae 
i (80) 0) ie iia ge 
oe p(—) w (12) 
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Cc 
n+9 
—O 
= { € do 
0 


where 


Similarly 


K nt2 
an-nfe) Maram) 4, 
2=0 N 

which gives at once 


n+1 


QO. Ds \"* (gi-¢2 
to 
OL D, 61:— 5 
This ratio is independent of y and therefore holds for every square 
centimeter of the lake and also for the lake as a whole. 


DISCUSSION 


Case I represents a condition where the whole quantity of air under 
consideration is completely changed in temperature and moisture 
content to that of the layer of air in contact with the water. For this 
reason diffusion is not the limiting factor and hence the diffusion co- 
efficients do not enter into the formula for the ratio of the heats lost 
by the two processes. It is obvious, however, that if conditions are such 
that diffusion does enter, it will be in such’a way as to increase the loss 
by the process having the larger diffusion coefficient relative to the 
loss by the other method. Hence under any conditions of wind we may 
say, since D,;>Dz, that 


RS (¢1—¢2)/(61— 62) (15) 


Case II, on the other hand, represents conditions where diffusion 
is the completely determining factor, the heat and water vapor being 
immediately carried away after diffusing through the stationary layer. 
If, however, these are not immediately carried away, they tend to 
build up the temperature and vapor density on the upper side of this 
layer, and thus decrease the gradient in the stationary layer. This 
in turn tends to slow down further diffusion. But the process with 
the larger diffusion coefficient will build up faster, and hence willgbe 
retarded more than the one with the lower diffusion coefficient. Hence 
we can write 


R= Dz2(¢1—¢2)/D1(61— 92) (16) 
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The results of Case III support these conclusions since for all values 


Ob wea, 
; se D av 
(=) (= ot) 2 re (2% =) (17) 
dD, 6:— 6. dD, 61:— 2 
Negative values of » are without physical meaning since they would 
‘nvolve an infinite velocity at x=0. The upper limit of K in (17) 
corresponds to the case f(x) =K, 14. @., a wind of uniform velocity. 


The values between this limit and the limit set by Case I correspond 
to conditions where f(x) is a decreasing function of x, and hence do 


not correspond to actual conditions over a lake. 

~The above discussion shows that R lies under all conditions between 
the values given by Case I and Case II. For these two very simple 
cases, however, it is no longer necessary to assume D, C, and p inde- 
pendent of the temperature. 

Thus in Case I, if we consider the changes in an amount of gas that 
would occupy 1 cc at 0°C, the amount of heat necessary to warm it 
from the temperature of the air, Ta, to the temperature of the water, 
ae 4S 


ie = (Tw—Ta) (18) 
O;,= 0 760) w a 


where dy is the density of air at 0°C, 76 cm, C, is the specific heat at 
constant pressure, and P is the pressure of the air in mm. Likewise 
the amount of heat taken on in the form of latent heat when this 
amount of air is brought to saturation at the temperature Ty is 


Pwlw—Pel a 
= [| ———_———_- 19 
as ( 273 ) ae 


where as before p, and py are the densities of water vapor in the in- 


coming air and in the layer of air in contact with the water respectively. 
Therefore 


Oe 760 se | 
Or (ee) (20) 
218 i 


Similar consideration, which take into account the known tempera- 
ture coefficients of heat conduction and diffusion, give for Case II 
Gol P273)0 (Teta) 


ic Oe ee 21 
LDi £/273Y" pelo pale) r007P Ge 
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where Co and Dj, are the value of the conductivity and diffusion 
coefficient at 0°C. Kinetic theory gives y,=y2=4, while experimental 
data indicate a somewhat larger value, but still make %1=%72. 

If we substitute in these formulas the following experimental data: 
do=.001293, Do=.206, Co=.0000566, C,=.241, L=585., paT./273= 
P./9.41 X10°, pwT/273 = P./9.41 X10°, where P, and P, are the cor- 
responding partial pressures of water vapor expressed in mm of mer- 
cury, we get 


Case I. 
a INP. 
ie s01( =) (22) 
P,—P, / 760 
Case IT, 
TEP, NOP 
R= 442( — (23) 
P,—P, /760 


Case III, however, shows that under ordinary conditions where f(x) 
is an increasing function of x, the true R is nearer Case JJ than Case I. 
Hence we may take as the most probable equation 


TRDN. P : 
R= 46( — (24)2 
P,P, 1760 


This equation is, of course, valid only for value of 7, low enough 
that the volume of the air is not appreciably increased by the water 
vapor evaporating into it and also that the water vapor on diffusing 
into the cooler air above does not condense and fall back to the water 
surface. This last condition is only violated under certain extreme 
conditions since the air is being warmed by conduction nearly as fast 
as its dew point is being raised by the diffusion of water vapor into it. 

As an example let 7,=20°C, 7,=15°C, Relative humidity =.5, 
P=760 mm. This gives R=.21 which indicates that while the ratio 
is small and can be corrected for by the aid of this formula, yet it cannot 
be neglected. It may be noted that if we let R= — 1, this becomes, as 
it should, the standard formula for the determination of P, by means 
of the wet and dry bulb thermometer. 


CONCLUSION 


If we put in the form of an equation Mr. Cummings’! statement 
of the relation between evaporation and radiant energy, we have 


I=S+LE+K (25) 


2 Since the above was written, a somewhat similar formula has been derived em- 
pirically from wet and dry bulb data. D. K. Dean, Power 62, p. 754 (1925). 
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where J is “‘the radiant energy .. .. integrated over any time interval’”’ 
or perhaps a little more explicitly, the solar and sky radiation corrected 
for reflection, minus the back radiation, S is the “heat represented by 
the change in temperature of the water,” LE is “the heat represented 
by the evaporation (£) during the same time interval,’’ L, of course, 
being the latent heat of evaporation, and K is a ‘relatively small ‘cor- 
rection” to cover other losses. These other losses, however, are due to 
conduction and convection which we have put equal to R times the 
losses by evaporation, i. e., R(LE), where R can be determined by 
Eq. (24). Substituting this value of K in (25) we have 


T=S+LE(1+R) (26) 


which is an exact equation for any body of water that is thermally 
insulated on the sides and bottom (a condition holding for most lakes) 
since it takes into account all processes by which heat can be lost or 
gained. 

Consequently if we know S, £ and Rk, which can be determined 
easily in any small insulated test jar, we can, following the method 
proposed by Cummings! use this slightly modified formula (26) to 
determine J or, vice versa, if we know J and can measure S ance. 
we have a means for calculating the evaporation £ from a large body 
of water where it cannot be measured directly. 

Such a body of water, however, is very nearly a black body over a 
very wide range of wave-lengths, since throughout the infrared even 
a thin layer of water absorbs almost completely, while in the visible 
this is true if the water is deep enough, as in a lake or if the inside of the 
vessel is properly blackened, as can be easily done for any test jar. 
In addition the reflection at the surface due to the difference in index 
of refraction is small throughout the visible and infrared to 20,° 
which is well beyond the maximum of the back radiation. On account 
of this fact J as determined by Eq. (26) becomes at once, with only a 
very small correction for reflection, the value of the net radiation ex- 
changed with a black body at the temperature of the water. Thus such 
a jar of water can be used to determine the net heat radiated by a black 
body at night or received by it during the day time. 

In asucceeding article Mr. Cummings will present the results of experi- 
ments designed to check the modified form of his equation, Eawize 
under a series of widely different condition. Since this Eq. (26) depends 
on the determination of R as given by Eq. (24), these experiments will 


3 Rubens and Ladenburg. Verh. d. Phys. Ges. 11, 16 (1909). 
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also serve as a test of Eq. (24) as well. His preliminary experiments 
indicate that these equations will be verified completely. 
In conclusion the writer wishes to thank Professor Epstein for his 


derivation of Eq. (11). 


NorMAN BrIDGE LABORATORY OF PHYSICS, 
CALIFORNIA INSTITUTE OF TECHNOLOGY, 
PASADENA, CALIFORNIA, 
March 12, 1926. 
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HEAT TRANSFER IN THE ANNULAR SPACE BETWEEN 
TWO COAXIAL CYLINDERS* 


By S. R. PARSONS 


ABSTRACT 


Two brass tubes are mounted with a common axis, one inside of the other, 
and are warmed by driving hot air, in turbulent flow, through the annular 
space between them. The rates of transfer of heat to the two tubes are com- 
pared by means of a coefficient representing heat transmitted per unit time per 
unit area of metal surface per unit difference of temperature between metal and 
air. Lees has shown that in streamline flow there would be a difference in the 
surface friction per unit area for the two tubes, and if that were true in turbulent 
flow, there would be a corresponding difference in the coefficients of heat trans- 
fer. The experimental results show that if there is such a difference in turbulent 
flow, it is not of the magnitude to be expected from Lees’ equations, and fail 
to show with certainty that any difference exists. 


HEN air is passed through the annular space between two coaxial 

cylinders, such as that formed by one metal tube inside of another, 
the stream acts simultaneously on two surfaces, of which one is 
convex, and the other concave. Lees! has shown that when a fluid passes 
in streamline flow through such an annular space, the surface friction 
per unit area is less on the outer tube than on the inner one, and he 
raises the question whether there is a similar difference in turbulent 
flow. If there is, there should be a corresponding difference in the rates 
of transfer of heat between the stream and the two surfaces, which 
might be interpreted as representing a difference in the character of the 
flow close to the walls,—that is, a difference in the extent to which the 
stream may be regarded as scouring the surfaces. The purpose of the 
work described in this paper was to show whether or not heat is trans- 
mitted more readily to one of the two surfaces than the other. 


APPARATUS AND EXPERIMENTAL PROCEDURE 


Two pairs of brass tubes were used, the first 91.3 cm in length, and the 
second, 170.0 cm. The inner and outer diameters of the annular spaces 
were 0.949 and 1.706, and 0.950 and 2.307 cm, respectively. Each 
tube was about 1 mm in thickness. Air from a compressor connected to 
a large tank was forced through a brass tube 1.7 cm in diameter, in 
which its speed was estimated by means of a Pitot tube; then through a 


* Research Paper No. 36, Journal Series, University of Arkansas. 
1 C. H. Lees, Proc. Roy. Soc. 92, p. 144 (1915). 
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brass tube surrounded by a heating coil; and then into the annular 
space between the experimental tubes, which were mounted in a verti- 
cal. position in order to avoid the sag that would be inevitable if they 
were horizontal. The outer tube was set into a block of wood, through 
which a hole was bored to admit the air. A circular wooden plug was 
fitted into the end of the inner tube, the lower end of the plug being 
smoothed off into a streamline form, to direct the air as gently as 
possible into the annular passage. This plug supported the weight of the 
inner tube, and was itself centered and held in place by fine piano wires 
passing out through small holes in the wooden block, and wound on 
screws for adjustment. »A thermocouple junction was set in the center 
of the air stream a few centimeters below the plug. A similar arrange- 
ment for centering the plug was used at the upper (outlet) end, and a 
second thermal junction was placed in the center of the stream about 
5 cm above the top of the plug. The air passage ended in a bell mouth. 
A wooden box about 12 cm square was placed around the tubes, to 
minimize the effects of air currents in the room. Thermometers were 
inserted through one side of the box, and while no attempt was made to 
render it air tight, it was found that the rate of cooling of the outer tube 
to the air was not appreciably affected by currents in the room, and 
could therefore be computed with satisfactory accuracy for any con- 
dition obtained in the experiments. 

Thermal junctions were soldered to the outside of the outer tube, and 
corresponding junctions attached opposite them on the inner tube, at 
points whose locations appear in the table below. Holes were drilled in 
the inner tube, and the junctions soldered into these holes flush with the 
surface, which was then filed down to as near its original condition as 
possible, the wires being brought away in a cable inside of the tube to 
its upper (downstream) end, from which they were led to the measuring 
instruments. The electrical connections were such that each couple 
could be connected to a potentiometer, or directly to a galvanometer. 

The rates of transfer of heat from the stream of air to the two tubes 
were compared by means of the rates at which their temperatures rose, 
and in order to obtain simultaneous rates, two galvanometers were used, 
one for each tube. The galvanometer readings were calibrated against 
the potentiometer after each run. A metronome was set to beat seconds, 
and to ring a bell every third second, and readings of the two galvano- 
meters were taken alternately on the stroke of the bell. From these 
readings, the temperatures of the two tubes were computed, and plotted 
against time. 
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METHOD OF COMPUTATION 


Considering any point along the tubes, and using for temperatures 
the mean values in a plane perpendicular to the axis of the tubes and 
including the point considered, we may write the equation for either 
tube alone 


ms =q(2ar)(T —8) 

where @ is the temperature of the tube; T, the temperature of the air 
stream; m, the mass per unit length of the tube; s, the specific heat of 
the tube; 7, the radius of the tube; #, the time; and q, the surface co- 
efficient of heat transfer, in units of heat per unit time per unit area per 
unit difference of temperature between air and tube. The experiments 
yield values for all of these quantities except gand 7. It is not feasible 
to measure the air temperature T inside of the annular space because, 
aside from the difficulties of measuring the temperature of a stream.of 
gas at a point where its temperature is changing, anything even so 
small as thermocouple wires placed in the stream might affect the 
character of the flow enough to destroy their value. These temperatures 
may be eliminated, however, and a comparison of the coefficients q for 
the inner and outer tubes may be obtained as follows. The equation 
above is applied to each tube, and the values of 6 and d@/dt are obtained 
at two different instants during each experimental run. Then, if we let 
6 be the temperature of outer tube, ¢ the temperature of inner tube, 
subscripts 0 and i represent outer and inner tubes, and subscripts 1 and 
2 represent the first and second sets of values, respectively, we may 
write four equations: 


moso(d6/ dt) 1=qo(2rro) (T1— 41) 
moSo(d6/ dt)2=qo(2mro) (T2—62) 
Misi (do/dt) 1=: (2Qrr;) (Ee So) 
mis;(do/dt)o=qi(2rr:) (T2—¢2) ; 
Solving these equations for the ratio between the coefficients g, and for 


simplicity letting (d6/dt)1= 41, (d0/dt)2=a2, (d¢/dt)1=b:, and (d¢/dt)2= 


be, we obtain 


qo so a a b:($2—62) — bo (¢i— 01) 
ai(o2— by asl one ae 
Since the outer tube is losing heat to the surrounding air while its 


temperature is rising, the value of d0/di used in the equations will be 
greater than that obtained from the graphs by an amount given by the 


MS iT 0 


HEAT TRANSFER BETWEEN COAXIAL CYLINDERS 791 


equation d6/dt= —kT”, in which 7” is the difference in temperature 
between the tube and the surrounding air, and k is a constant deter- 
mined from the rate of cooling of the tube when the air is not flowing 
through it. While the four equations given above suffice for a solution 
of the temperatures 7; and TY, of the air as it passes any thermal junc- 
tion, the form of the algebraic solution is such as to magnify the effects 
of expermental errors, and the results are of little value. 

The speed of the air stream was estimated from the readings of the 
Pitot tube, from the ratio of the cross sectional areas of the air passages 
at the Pitot tube and in the annular space, and from the estimated 
densities of the air at these two points. These speeds, and the tempera- 
ture of the air at the entrance to the annular space, which was taken 
from the thermal junction located at the entrance, do not enter into the 
computations, but are tabulated with the results to show the range of 
conditions used in the experiments. The critical speeds for the two 
pairs of tubes were computed from Lonsdale’s equation,” for a tempera- 
ture of 100°C, and it will be seen that the speeds used were high enough 
to insure turbulent flow. 


RESULTS 


The results are summarized in Table I. Preliminary trials failed to 
show any appreciable effect of slight changes in the centering of the 
inner tube, and if there is such an effect, it is probably balanced out in 
the mean of the results, on account of the locations of the various 
thermal junctions, which are as shown in the table, the azimuth repre- 
senting angular distance around the axis of the tubes, measured from an 
arbitrary plane. If in smoothing off the inner tube after attaching the 
thermal junctions to it, the tube was not left in its original condition, 
any irregularities due to this cause will also tend to balance each other. 

Whether there is any significance in the fact that the ratio of the 
coefficients appears to be less at points near the outlet of the tubes 
than near the entrance, the writer can not say, The nearest points used 
are respectively 52 and 66 times as far from the entrance as the thick- 
ness of the annular space, for the two pairs of tubes. 

For these pairs of tubes, the equations of Lees for streamline flow 
give values of 0.70 and 0.74, respectively, for the ratio of the surface 
friction per unit area on the outer tube to that on the inner tube; and 
since the rate of transfer of heat is proportional? to the surface friction, 
the same values would represent the ratios of the coefficients g. The 


2 T. Lonsdale, Phil. Mag. 46, p. 163 (1923). 
$ Great Britain Committee for Aeronautics, Technical Reports 1912-1913, p. 45. 
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table shows that over something of a range of speeds and temperatures 
the mean ratio of the coefficients q is slightly greater than unity, 
indicating that if there is a difference in the heat transfer coefficients 
for turbulent flow, it is not comparable with that for streamline flow. 
But while this mean ratio is a little greater than unity, it must be 


TABLE I 
Values of the ratio, qo/qi, of the rates of transfer of heat to the outer and inner tubes. 


Location of thermal junction _ Speed of Air temperature do 
distance from azimuth air stream at entrance di 
entrance 


First pair of tubes: length 91.3 cm; thickness of annular space, 
0.38 cm; critical velocity, 7.9 m/sec. 


20cm 0° 14.4 m/sec. 148° es 
20 0 14.4 148 1.48 
35 90 Biss 122 Lege 
35 270 1276 150 1.15 
55 0 11.9 142 .90 
ye. 180 17 113 * 99 
oe 270 24.0 136 


1.01 
Mean 1.08+ .10 
Second pair of tubes: length 170.0 cm; thickness of annular space, 0.68 cm; critical 
velocity, 4.9 m/sec. 


45 90 Gcek 132 1.01 
60 270 7.3 122 oF 
60 270 vie 118 lol 
60 270 ihe Ge LZ} ae | 
60 270 Tee 119 1t13 
60 270 6.0 119 1,12 
NES 0 6.3 118 .98 
Sa! 0 oa 133 .97 
NS 0 6.9 159 91 
135 0 6.9 158 


.92 
Mean 1.03 +.09 


admitted that the experimental errors are large, and that the results do 
not show with certainty that the coefficients for the two surfaces are not 
identical. In other words, the experiments fail to show any difference in 
the character of the turbulent flow close to the two surfaces. 


THE UNIVERSITY OF ARKANSAS, 
February 12, 1926. . 
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BOOK REVIEWS 


Relation between temperature, pressure, and densities of gases (S. F. PICKERING), 
CIRCULAR OF BUREAU OF STANDARDS, No. 279.—This is a compilation of the known 
pvT relations of the familiar gases with a discussion of the equations of state of van der 
Waals, Dieterici, and Berthelot. The numerical use of the tables and curves, as well as 
of the equations, is explained in detail in the simplest possible terms. Many tables are 
given so that the Circular contains sufficient information for the solving of problems in 
this field. A very extensive bibliography is included. The circular should be extremely 
useful to users, commercial and scientific, of these gases, as well as to teachers. 190 pp., 
Government Printing Office, Washington, D. C. 1926. Price 25 cents. 

J. R. RoEBuck. 
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OF THE 


AMERICAN PHYSICAL SOCIETY 


MINUTES OF THE WASHINGTON MEETING 
APRIL 23 AND 24, 1926 


The 139th regular meeting of the American Physical Society was held 
at the Bureau of Standards, Washington, D. C. on April 23 and 24, 1926. 
The presiding officers were Professor Dayton C. Miller, President of the 
Society, and Professor K. T. Compton, Vice-President. The attendance 
was about three hundred. 

On Friday evening there was a dinner at the Raleigh Hotel, attended 
by two hundred and thirteen members and guests. The speakers at this 
dinner were Professor M. I. Pupin, Dr. S. W. Stratton, Dr. G. K. Burgess, 
and General G. O. Squier. 

Meeting of the Council.—At the meeting of the Council held on April 23, 
1926, seventeen were elected to membership: Martin J. Connoly, Ken- 
neth Cole, Austin M. Cravath, C. del Rosario, Karl G. Emeleus, Hugh 
Farrell, Sylvan Harris, L. G. Hector, D. W. Morehouse, Leonard J. 
Neuman, Nicolas P. Rashevsky, P. N. Rhodes, Clarence Rockwell, 
John L. Rose, Shou Chin Wang, George P. Welch and Harvey A. Zins- 
zer. 

The regular program of the American Physical Society consisted of 
ninety-four papers, Numbers 2, 7, 9, 61, 73, 86, 87, 89, 90, 91, 92, and 
95 being read by title. The abstracts of these papers are given in the 
following pages. An Author Index will be found at the end. | 

HAROLD W. WEBB, 
Secretary. 


ABSTRACTS 


1. A precision study of the K absorption limit. F. K. RICHTMYER and J. B. BisHop, 
Cornell University.—A series of careful measurements of observed absorption coefficients 
taken through the K absorption limit of silver yields data which, after correcting for the 
finite width of the slits, are in agreement with the assumption that the ° law holds up 
to the limit from both directions and at the same time furnishes a method for determin- 
ing, with comparatively high precision, the magnitude of the absorption discontinuity. 


2. The effect of chemical combination on the absorption of x-rays. W. B. Mors- 
HousE, Cornell University —The x-ray absorption by aqueous solutions was measured 
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before and after chemical reaction, employing a differential null method similar to that 
described by Becker (Phys. Rev., 20, 134, 1922), and using the direct beam from a water 
cooled Molybdenum Coolidge tube, operating at 30 kv peak. Cells having equal com- 
partments were used, so that the same elements were in the beam before and after 
combination. Measurements were made on the following reactions: 

(A). 3KI +],+2NaS.03;-3KI +2Nal +Na2S4Og. 

(B). K2Cr20;+12KI+14HCI-8KCl1+ 2CrCl3+7H.0+31,.+6KI. 

(C). NaOH+HCl-NaCl+H.,0. 

Corrections having been made for changes in density the results indicate: Reaction 
(A). The mass absorption coefficient of the solution after reaction is approximately 
0.25 percent less than before reaction. Reaction (B). 0.25 percent greater. Reaction 
(C). No appreciable change. Since iodine, sulphur and chromium are the only elements 
changing valence and since computations from known absorption coefficients show that 
the absorption by the iodine in the beam is several times that by either the sulphur or 
the chromium, it seems probable that the absorption by iodine in the free state is greater 
than its absorption in the combined state. 


3. X-ray absorption in heated silver. H.S. Reap, National Research Council 
Fellow at Stanford University.—Previous research (Phys. Rev., April, 1926) has 
suggested that Al, Fe, Ni, Cu, Ag, and Pb have slightly larger absorption coefficients at 
higher temperatures. Total radiation from a tungsten target tube was used. Continued 
work with Ag indicates that the transmission is a complicated function of the wave- 
length (0.2 to 0.7A used) increasing with temperature at some wave-lengths and de- 
creasing with temperature at others. The largest change was a 1.5% decrease in trans- 
mission at the K-limit when the Ag strip was heated to 830°C. If this were due to a shift 
of the K-limit the shift corresponds to +0.00021A which corresponds in turn to —11. 
volts. This result suggests that energy of thermal agitation may add to x-radiation 
energy or that heat prepares the atoms in some way to absorb slightly smaller quanta, 
at the K-limit, than is possible when cool. An equal shift of the whole absorption 
coefficient curve does not appear to account for the changes of transmission at some of 
the other wave-lengths. A correction was made for the effect of thermal expansion. 
A detailed account of the method and results will be published. 


4. Conditions for the disappearance of the unmcdified line in the Compton effect. 
G. E. M. JAuNcEY and R. A. Boyp, Washington University. The method previously 
described by Jauncey and DeFoe (Phys. Rev., 27, 102, (1926) ) for measuring the ratio 
of the modified to total scattering coefficients when a wave-length of 0.41 A is scattered 
by carbon at various angles has been used. The ratio becomes practically unity at 87° 
and continues unity for angles out to 120° (we did not test it further out). However, 
at angles less than 87° there is a rapid decrease of the ratio as the angle decreases. It 
seems therefore that unmodified scattering disappears at 87° when \=0.41 A. On 
Jauncey’s theory, unmodified scattering disappears at 82°. There is thus good agreement 
with theory. 


5. Measurement of x-ray scattering coefficient. PIERRE Mertz, Cornell Uni- 
versity.—The mass scattering coefficient was measured directly by collecting the 
scattered radiation in an ionization chamber surrounding the scatterer, comparing its 
intensity with that of a portion of the primary beam going through an auxiliary ioniza- 
tion chamber of equal length along the ray path. The primary beam consisted of the 
continuous radiation from a Coolidge tungsten tube, filtered through Al and Cu until 
the spectral width between the half-maximum intensity points was about 25% of the 
mean wave-length. Corrections were made for internal absorption in the scatterer and 
for the increased absorption of the scattered beam in the ionization chamber due to the 
Compton effect. The latter could not be estimated very accurately and is probably one 
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of the largest sources of error in the determination. The values of mass scattering 
coefficient (c/p, in cm?/gram) as determined are given below: 


r 32 43 .54 .66 79 A, 
Scatterer a/p 
bs . 166 .182 .194 .214 .234 
H,O .198 .206 .210 .216 .228 
Na Le .191 .248 : 
La 133 165 157 . 169 200° 
B 154 .162 . 169 .165 .179 


6. Intensity of x-ray refleciion from solid and powdered sodium chloride. J. A. 
BEARDEN, University of Chicago. (Introduced by Arthur H. Compton.)—The experi- 
ment of the intensity of x-ray reflection by Bragg, James and Bosanquet has been re- 
peated using monochromatic x-rays (Ka line of Molybdenum reflected from rock-salt 
crystal) for all orders of reflection thereby reducing the uncertainty in choosing a base 
line. The values of the structure factor F are in satisfactory agreement with the values 
obtained by the previous experimenters. The most uncertain elements entering in these 
experiments are: (1) the linear absorption coefficient and (2) the extinction effects. 
Measurements of the intensity of reflection from powdered crystals have also been made 
with monochromatic x-rays, using both the transmission and the reflection methods. 
Both powder methods gave the same values for the structure factor F for several samples 
of sodium chloride of different history. Except for the (100) plane, however, the values 
were consistently higher than the corresponding values obtained by the solid crystal 
method. 


7. Refraction of x-rays by method of total reflection. RicHARD L. DoAn, Univer- 
sity of Chicago.—The critical angle of total reflection of x-rays from polished surfaces 
is related to the index of refraction by the expression 6, =(2(1—,) )?, @ being the glancing 
angle of incidence. Since this critical angle has been found experimentally to be sharply 
defined, this method furnishes a simple means of determining indices of refraction with a 
relatively high degree of accuracy. The line MoKa, isolated by means of a calcite 
crystal and suitably placed slits, was allowed to fall on optical surfaces of speculum 
metal and glass, the reflected beam being received on a photographic plate one meter 
distant. Approximately one hundred one-minute exposures were made as the mirror 
was turned at intervals of a few seconds of arc through a total range of about 7’. Measure- 
ments, accurate to 1%, gave for speculum, 6,=10’52’’, 1—-~=4.96(10)~; for glass, 
0.=6'18'’, 1-4 =1.67(10)-*. Attempts were made to use sputtered gold films for 
reflecting surfaces but the reflection was surprisingly weak and the critical angle not 
sharply defined. An accurate measurement of the index of refraction of MoKa, in gold 
would be valuable as a check on the Drude-Lorentz dispersion formula because of the 
expected large resonance effect due to the L-electrons. 


8. Refraction of x-rays in prisms. BERGEN Davis and C. M. SLtacx, Columbia 
University.—A continuation of measurements of refraction of x-rays by means of a double 
x-ray spectrometer (Phys. Rev. 27, 18, (1926) ). The double x-ray spectrometer is well 
suited to this purpose, since the position of the peak of the rocking curve is not affected 
by unsymmetrical absorption in the prism. Measurements of 6, (u=1—6) were made in 
substances tabulated below with the observed value in brackets. Using Mo Ka (A= 
.7078) the values of 610% are: Ag (5.85), Cu (5.95), S (1.39), Al (1.68), Carbon (graph- 
ite) (1.23), celluloid (.98) and paraffin (.7). Using CuKe (1.537), the values of 610° 
are: Al-(8.4), celluloid (4.78) and paraffin (3.28). These results agree well with the values 
calculated. Broadening of rocking curves—The rocking curves were much broadened 
when the rays passed through granular substances such as graphite, grated paraffin, etc. 


THE AMERICAN PHYSICAL SOCIETY 797 


This effect, which appears to be due to refraction by the successive particles, has been 
treated theoretically by Dr. R. van Nardroff. A formula has been obtained which per- 
mits the calculation of the size of the particles from the observed broadening. 


9. The refraction of x-rays applied to the determination of the diameters of small 
particles. ROBERT VON NarpRorr, Columbia University.—The divergence introduced 
into a beam of x-rays on passing it through a mass of refracting particles is investigated 
mathematically. It is found that a plane beam would be scattered by a single sphere 
of index of refraction 1 =1—6 so that the fraction of the energy in a cone at an angle 
between w and w+dw with the original direction is 85°wdw/(46?+w?)?. For a large 
number of spheres, if m is the average number of spheres passed through by a ray, the 
root mean square bend produced is ap = 28[n(log 2/5+1)]? and the fraction of the energy 
lying in a cone between a and a+da is 2a(exp. (—a?/ao”) )/ao?. For a beam originally 
having a width at half maximum Woas measured on the rocking curve of the second 
crystal of a double x-ray spectrometer, the width after passing through the refracting 
material will be W=(W0?+2a:?). This gives a means of determining the number, and, 
if the total mass is known, the size of particles which could not be measured by other 
methods. The method is applied to rocking curves obtained by Davis and Slack for 
beams passed through different thicknesses of graphite. The variations of curve width 
with thickness of graphite are found to be in agreement with the theory, and, assuming 
the particles acted like spheres, their approximate diameter is found to be .0035 cm. 


10. The theory of x-ray dispersion. R. DE L. Kronic, Columbia University.—The 
quantum theory of dispersion as developed by Ladenburg and Kramers is extended so 
as to apply to the refraction of x-rays, where the number of atoms in a wave-length 
cube is no longer large, and the absorption forms a continuous band. A general formula 
for the index of refraction in terms of the atomic absorption coefficient a and the critical 
frequencies is given. From the condition, experimentally verified, that the electrons 
in the atom for impressed frequencies, large compared to their natural frequencies, shall 
act like free electrons as far as the index of refraction is concerned, a relation is obtained 
for a. The theory is in accord with Heisenberg’s quantum mechanics. Some considera- 
tions on the origin of the Compton shifted radiation are added, from which it appears 
that in the wave description this radiation must be regarded as coming from all the 
atoms and as being coherent with the incident waves; a result suited to stress the diffi- 
culty of harmonizing the wave picture with that of quantum processes in the atoms. 


11. The polarization of characteristic x-rays. J. B. BisHop, Cornell University.— 
An investigation to determine a possible state of polarization of the alpha lines of 
molybdenum was undertaken in the following manner: A molybdenum target water- 
cooled Coolidge tube was so mounted that it could be rotated about an axis perpendicu- 
lar to the cathode stream and passing through the focal spot. A carbon block was 
placed in the path of the x-ray beam and the intensity of the radiation from it was 
measured parallel to and perpendicular to the cathode stream respectively as the tube 
was rotated. A second ionization chamber receiving a portion of the direct beam was 
used in order to detect a possible variation of intensity of the incident radiation due to 
improper alignment and fluctuations of the current through the tube. When a zirconium 
filter, which is relatively transparent to the alpha lines, was used; it was found that the 
ratio of the intensity of radiation scattered parallel to the cathode stream to that 
scattered at right angles to the cathode stream was about 0.74. On using a strontium 
filter, which strongly absorbs the alpha lines, this ratio was about 0.84. One concludes 
from these results that the alpha lines are at least partially polarized. 


12. An electron lattice theory of metals. BrERTRAM E. WARREN, Massachusetts 
Institute of Technology.—Metallic crystals are built up of positive ions and of electrons, 
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both the ions and the electrons arranging themselves in a definite space lattice. The 
particular type of lattice utilized must represent.a minimum of potential energy, and 
therefore depends on the number of valence electrons given up by each atom. The 
heuristic rule is laid down that atoms with one or two valence electrons will lose them, 
while atoms with more than two will lose only those in excess of two. The metals of 
Group I and III should utilize a complete lattice of the rock salt type, the sub-lattice of 
the positive ions being face centered cubic. In exception to this, the sub-lattice of the 
alkalies must be considered as face centered tetragonal. The sub-lattice of the metals 
of Groups II and IV should be either face centered cubic or hexagonal close packed. 
Groups V and VI should utilize a sub-lattice of the body centered cubic type. The lattice 
of a Group VII metal should not be of any of the simple types. These predictions are 
in very good agreement with the results of x-ray determinations. Such physical prop- 
erties as the good ductility and conductivity of the face centered metals, and the high 
melting points of the body centered metals would be expected. The metals of Group VIII 
have not been classified. 


13. The carbon atom model and the structure of the diamond. R. B. LINDsAy, 
Yale University.—Using a method similar to one previously described by the writer the 
2, orbits in neutral carbon are approximately computed, introducing the assumption 
that the four orbital planes are arranged in tetrahedral symmetry. The atoms are then 
distributed in the diamond lattice and the field on any electron due to its own atom and 
neighboring atoms is calculated as a function of the distance from the nucleus assuming 
that: (1) the orbital plane of the electron is oriented in a certain symmetrical way rela- 
tive to the lines joining its nucleus to those of the neighboring atoms; (2) for a first 
approximation only the four nearest atoms may be considered as effective; (3) the 
effect of the electrons in the neighboring atoms is that due to a time distribution of their 
charges in their orbital planes, disregarding definite phase relations such as have been 
assumed by previous writers. An approximate expression for the increase in energy of 
the electron orbit due to the neighboring atoms is developed, and the calculation of 
the lattice energy per electron for various values of a, the lattice constant, is carried out. 
The equilibrium value of a comes out between 1.10A and 1.60A (nearer the latter). In 
fact the heat of sublimation for a=1.50A is found to be 161 calories per mol. The 
accepted experimental values for these quantities are a=1.54A and Y=168 to 177 
calories per mol. Compressibility calculations for this model are being undertaken. 


14. The crystal structure of zirconium oxide. WHEELER P. Davey, General 
Electric Company.—ZrO, appears to crystallize in several forms. Using the powder 
method, diffraction patterns of two of these have been interpreted. One type shows that 
ZrOz may exist in a face-centered cubic lattice of ZrOz, a=5.098A. The strong lines of 
the pattern taken alone show a diamond cubic pattern, indicating that the Zr++*+ and 
2 O~ are situated in the lattice like Cat+ and 2 F- in CaF2. The second type of dif- 
fraction pattern shows that ZrO2 may exist in a triangular close-packed lattice of ZrOx, 
a=3.598 and C=1.633. This structure is closely related to the face-centered cube. 
Both structures give a density of 6.13 which is to be compared with 5.75 given in 1860 
by Nordenskiold. 


15. Nickel-chromium solid solutions. F. C. BLAKE and A. E. FockE, Ohio State 
University.—A complete series of nichrome alloys has been studied by the powder 
method of x-ray analysis and the amount of distortion of the nickel lattice by chro- 
mium substitution and of the chromium lattice by nickel substitution has been de- 
termined. 

The influence of impurity due to the crucible in which the melt is made has been 
studied and the correct lattices free from such influence have been determined. Inter- 
metallic compounds and allotropic forms have been the subject of special study. 
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16. The ultra and extra-ultraviolet spectrum of iron as developed by the inverse 
photo-electric effect. Orro STUHLMAN, JrR., University of North Carolina.—A three 
element vacuum tube of the commercial form VT-I, with p'atinum filament and iron 
grid and plate, was used. In series with the grid was a sensitive galvanometer and a 
variable potential whose negative terminal was connected to the negative end of the 
filament. A second circuit with the positive end of a battery connected to the plate 
and its negative terminal connected to the galvanometer served to keep the plate at a 
constant positive potential higher than the positive potential of the grid. As a result 
of critically accelerating electrons, emitted by the filament, towards the grid mono- 
chromatic radiations are emitted, which are reabsorbed by the grid resulting in photo- 
electric emission. Such emission and absorption interpretations are given the dis- 
continuities which appear in the potential-current curves. They are evaluated by the 
usual VA =12344 relation. Using a work function for iron equal to 5.000 volts the 
following spectral regions were reproduced. Spark spectrum of iron (Exner-Haschek, 
Spectren Tabellen) pronounced lines between 2456 and 2213. New lines between 2211 
and 2154. Millikan, Bowen and Sawyer’s spark spectrum, including the spectral region 
investigated by Bloch, from 2152 to 880A. The spectrum is being extended beyond 200A. 


17. The extreme ultra-violet spectrum of titanium. R. C. Gisss, Cornell Univer- 
sity.—Using one of the vacuum spectrographs at the Norman Bridge Laboratory of 
Physics, California Institute of Technology, photographs of the hotspark spectrum- 
of titanium were obtained over the region from 192 to 1718A. By comparison with the 
data of previous workers in this part of the spectrum, it was possible to identify many 
of the lines obtained on the plates as due to other elements such as oxygen, carbon and 
silicon, many of which are present with every element used as electrodes. By placing a 
plate for titanium and one for some other element obtained with the same setting of the 
spectrograph face to face on the comparator it was possible to determine with consider- 
able accuracy, by taking relative intensities and structure of line also into consideration, 
what lines were not due to titanium. All of the twenty-five lines reported within the 
above limits by Lang were found and about ninety additional lines. Careful focussing 
and the use of a very narrow slit made it possible to fix the wave-length to within .05A 
in the case of many lines obtained in the second order. On one plate it was possible to 
observe in the second order all seven components of the 834 oxygen line. 


18. On the spectrum of argon. F. A. SaunperRS, Harvard University.—The 
spectrum of argon in the extreme ultraviolet obtained by T. Lyman shows a very 
strong pair at \A\1048.26 and 1066.72, and many other lines, some as yet unidentiffed. 
Following Paschen’s neon notation, this pair is a combination between a 1p level (j =0) 
and 252, 254. The known frequency-differences in the rest of the argon spectrum yield 
the terms 2s; and 2s;, and many 2 terms are readily obtained, some of which combine 
with all four s terms, others with s2, s; and ss only, as in neon. Three of the latter 
(presumably f4, ps and ps) are unexpectedly found to combine with 1p, and produce 
strong lines (A\941.39, 932.09, 919.80). The same combinations also produce lines, 
(though weaker) in neon (AA, 662.84; 665.30; 667.46), not previously identified. For these 
lines 7 must change from 0 to 2; they are thus quite unconventional. They are produced 
with a mild excitation. Other pp combinations seem to be present, but are not yet 
firmly established (e.g. Argon \946.95). Many other terms in the argon spectrum have 
also been found, and photographs have been taken in the ultrared, which are yielding 
data for a complete analysis of this spectrum. 


19. The quantum theory of the Zeeman effect for band lines. E. C. KEMBLE, 
Harvard University.—Assuming an electronic angular momentum with fixed com- 
ponents o and « along and perpendicular to the axis of figure of a diatomic molecule, 
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the application of Bohr’s postulates to the precessional motion in a magnetic field leads 
to the Zeeman term formula 
E=EotrhAny (oe? +e(7?— o2)?) ie 

where r is the magnetic quantum number, subject to the usual selection principle, 
Av, is the Larmor frequency. jis the total angular momentum. The following qualitative 
inferences may be drawn: (a) The Zeeman pattern for lines adjacent to a band origin 
will normally be simple and the scale may be similar to that for an atomic line. (b) The 
outer lines of a band will have very complicated patterns, usually on a scale entirely too 
small to detect. (c) If the initial and final values of ¢ are different, the outer lines of a 
band will seem to be diffusely broadened in a magnetic field. (d) The direction of 
rotation for the Faraday effect in the neighborhood of a band line will frequently be 
different for the P and R branches of the same band. The theory agrees with the meagre 
experimental facts only in general qualitative features. 


20. On the continuous spectrum of hydrogen. W. H. CREW and E. O. HULBURT, 
Naval Research Laboratory, Washington, D. C.—In a discharge tube filled with dry 
hydrogen at a moderate pressure (1 to 3 mm Crookes dark space) the striations near 
the negative end of the positive column have quite different colors, widths and spacing; 
the first is a vivid blue and narrow, the second or third is pinker and wider, the third or 
fourth bluer again, the remainder being pinker or whiter for the most part. Spectro- 
grams showed that the first blue striation, i.e. the one next to the Faraday dark space, 
emitted the continuous spectrum of hydrogen in great purity, the Balmer and molecular 
lines being relatively feeble. In the other striations the continuous spectrum was weaker 
than the line spectra, and in the cathode glow, Crookes dark space, negative glow and 
Faraday dark space was absent. The intensity decrement of the Balmer lines appeared 
to vary in different parts of the discharge. With moist hydrogen the Balmer lines were 
bright and the continuous spectrum dim in the striations. These facts together with the 
positive the ray analyses of the ions in a hydrogen discharge by Smyth and Brasefield 
“support the conclusion that Hs; is the source of the continuous spectrum of hydrogen. 


21. The structure of the hydrogen molecule. H. C. Urey, Johns Hopkins Univer- 
sity.—Recently Dieke and also Takahashi have arranged the Fulcher bands of hydrogen 
into single band systems with each band consisting of a zero branch. To these Dieke 
has added positive branches for the red bands and incomplete branches for the green 
bands. A study of these positive branches shows that they may be rather doubtful. 
Witmer has shown that the Lyman bands in the far ultraviolet have a similar structure. 
Sifice only one band system appears in each group it seems most reasonable to assume 
that the vibration quantum number does not change in these transitions and that 
therefore the molecule is symmetrical about the median plane. Since the bands have only 
zero branches the molecule must have no angular momentum in the electron system for 
otherwise the frequency of rotation of the nuclei would appear in the Fourier expansion 
of the electron motion and therefore positive and negative branches would appear. 
It seems necessary to assign the steady states involved to the vibration electron orbits of 
the median plane. This would give no first order Zeeman effect as required and a dia- 
magnetic model for the normal state. 


22. The structure of the hydrogen molecule ion. H. C. Urey, The Johns Hopkins 
University.—The energy levels of the vibrational model of the hydrogen molecule ion 
have been calculated including the energy contributed by the vibration and rotation 
of the nuclei. The calculated spectroscopic term is 


y= — 134899 /n*2—9.37 /n*44+-5358n4/n*8+ 107.6m:2/n*4—0.1767mi4/n*, 


where n*, m, and m, are the quantum numbers conjugate to the electron coordinate, 
and the vibrational and rotational coordinates of the nuclei respectively. The applica- 
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tion of the correspondence principle to the model requires that An* =1, S Faas ee oe 
An, =0 and Am, =0 for transitions emitting light. Bands emitted from such a molecule 
should consist of single band systems, each band having a zero branch only. Exact 
agreement between theory and experiment has not been found. 


23. P, Q, R combinations in the sodium hydride many-lined molecular spectrum. 
E. H. JoHNson, University of Chicago.—A study has been made of the many-lined 
spectrum obtained from sodium arc in hydrogen in the region from \5500 down to 43800. 
Direct comparison of high dispersion plates shows an arrangement wholly different 
from that of the hydrogen secondary spectrum. Though at first sight there is little 
evidence of band structure, several groups of P, Q and R branches have been traced 
out by means of the combination principle. The AF(m) relations indicate the presence of 
a Kramers and Pauli effect. Preliminary values of 2B lead to a final moment of inertia 
of about 5.5 X107*° gm cm?, which gives a nuclear separation of about 1.8 107-8 cm for 
a sodium hydride dipole. A detailed quantum analysis of the bands is included. 


24. Half-integral vibrational quantum numbers and rotational energy data for the 
MgH bands. WILLIAM W. Watson, University of Chicago.—The magnitude of the 
isotope effect in the \5211 band is shown to agree exactly with the assumption that 
n’ =} and n’’=3,.as demanded by the new quantum mechanics. The ‘‘zero-points’’ of 
this band system can be represented by the equation 


v=19217+(1603.5 n’—34.75 n”) — (1493.5 n’’—31.25 n’’) 


where n’ and n” take on half-integral values from 4 to 34. For the final state in the 
5211 band, the rotational energy can be represented by F=Bm?+Dm‘+ Fm® where 
m=j+4—.e, e having the approximate value 0.47. Kemble’s formula, w=(—4 B/D)! 
gives the vibrational frequencies in the » formula to within the experimental accuracy 
of the data. The values of AF for the initial state indicate the presence of a Kramers 
and Pauli effect. The results of a least square solution and the question of missing 
lines lead to the approximate value «=0.43 for the initial state. A comparison with 
rotational energy data for the C+H bands is made. 


25. Nitrogen Series in the ultraviolet. J. J. Hoprie_p, University of California. 
—Four new series, namely, two series of triplets probably converging to a common 
head and belonging to the quartet system, and two series of doublets also having a 
common limit and belonging to the doublet system, have been observed in nitrogen. 
The short wave-length lines of one of the triplet series are given accurately by the 
equation 

v= 117353 —109677(m+0.845685 — 0.022749 /m?— 0.026562 /m‘)-? 


in which m=1, 3 and 4 correspond to terms already observed by Kiess. m=2 gives a 
new triple term, and 15=117353 (14.48 volts) is the lowest energy level yet observed in 
neutral nitrogen. The two doublet series which begin with the previously known lines 
at \1742 and 1592 respectively have each been observed to three members, Their 
common limit is 98100 cm (12.11 volts). The terms representing these series are 
linked to the doublet terms already observed through the lines at 411742. The resonance 
and ionizing potentials of neutral nitrogen are contained in the data given above. Inter- 
series and other relations are now being studied. 


26. The infrared spectra of brucite and some sulphates; isotopic effect. E. K. 
PLYLER, University of North Carolina—By means of an infrared spectrometer the 
structure of the absorption band of brucite [Mg(OH),] was studied. The region of greatest 
absorption was found to be at 2.48 ». Besides this maximum there were small maxima 
of absorption located at 2.40 u, 2.30 pw, 2.14 uw. The maxima at 2.48 y, 2.40 x, and 2.30 u 
correspond approximately in position and absorption to the isotopes of Mg*, Mg?5, 
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and Mg” as found by Aston. The small band at 2.14 n, corresponds in position to Mg’. 
However this isotope is not given. The work of Coblentz has been examined for the 
isotopic effect. In the reflection spectrum of nickel sulphate in solution there are two 
maxima located at 9.15 u, and 9.50 u. The second is more intense. These maxima are 
probably due to Ni®® and Ni®*. In the spectrum of potassium sulphate there are two 
maxima, one at 9.00 », and the other at 9.40 uy. The maxima at 9.40 » is much more 
intense. These two maxima are probably due to K***# and K** taken twice. Other 
sulphates in solution only showed one maximum. : 


27. The intensities of the lines in the HCl absorption band at 3.5u. D.G. BouRGIN 
and E. C. Kemsie, Harvard University.—Measurements of the absorption curves for 
the HCl band at 3.5 » have been made by the writers with tube-lengths varying between 
0.1 cm and 3 cm. From plots of the areas of the individual lines against tube-length 
the areas of the corresponding absorption coefficient curves have been determined. 
The measurements cover all lines between the tenth of the R branch and the sixth 
of the P branch. The results are in harmony with the formula previously derived by 
one of us (Phys. Rev. 25, 1, (1925)) provided that the statistical weight series 1, 3, 5, 
7,... is used as suggested by Fowler and Dieke (summation rule). The agreement 
between the results and the theory was within three percent of the intensity of the 
strongest line for all but two of the lines measured. From the shapes-of the area-tube- 
length curves it may be inferred that the lines are very sharp, the center of the strongest 
lines being completely absorbed in the first few millimeters of absorption path. The 
variation in the shapes of the curves from line to line shows definite evidence of a rota- 
tional isotope effect. 


28. Analysis of Wood’s iodine resonance spectrum. E. C. KEMBLE and E. E. 
Witmer, Harvard University.—The resonance spectrum of I: excited by the broadened 
green mercury line consists of several series of doublets. According to Lenz each doublet 
is due to molecular transitions from a definite initial excited state to two different final 
rotational states. The different doublets in a series are due to different final vibrational 
states, the different series to a variety of initial states present because the exciting line 
covers a number of absorption lines coming from different absorption bands. Mecke 
has partially analysed some of the absorption bands in the red and has worked out 
empirical formulas for the frequencies of the resonance series. Kratzer and Sudholt 
have written out theoretical formulas for the resonance series in harmony with the 
observations and from Mecke’s data have evaluated the moment of inertia of the 
molecule. Assuming that the nuclear rotational quantum numbers of the final states 
associated with each doublet differ by exactly two, the authors have revised and extended 
the work of Kratzer and Sudholt. We obtain the values 7.9 X 10-8 gm cm? and 11 X10 
gm cm? for the moments of inertia in the normal and excited states respectively. The 
large difference between these values locates the origin within three lines of the head. 


29. The fluorescent and absorption spectra of iodine. F. W. Loomis, New York 
University. —The four series without linear terms found by Mecke (Ann. d. Phys. 71, 
104, (1923)) in Wood’s spectrum of fluorescent iodine excited by the broad green mercury 
line are due to four lines of the band (26, 0); those with positive doublet interval to lines 
in the P branch. The P and R branches are the absorption series Ia and Ib found by 
Mecke in this region. The fluorescent lines are identified. This makes it posisble to 
pick out a series of pairs of lines with common m’, and another with common m'’ and 
hence to find Bo’’ =0.03835, B’ =0.02480 cm=!, Jo=(7.21+.03) X107*8 and the absolute 
values of m which turn out half-integral. Similarly, lines of Mecke’s series II belong 
alternately to the P and R branches of band (27, 0) and the fluorescent lines are identified 
as are also the main lines in three of the four remaining fluorescent series. Wood’s 
measurements of the magnetic rotation of six absorption lines show in every case the 
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“normal” direction of rotation for lines here assigned to a P branch and the opposite 
for R lines. These results demonstrate the existence of P and R branches in absorption, 
which Mecke has doubted, and confirm the Lenz theory. 


30. On the polarization of fluorescent light from colloid solutions. PAUL FROHLICH 
University of Chicago, (introduced by William W. Watson).—The partial polar ation 
of fluorescent light from aqueous solutions of fluorescein, eosine, magdala-red, rho- 
damine 5 G, and rhodamine B extra, produced by dissolving in them more and more 
gelatine, gum arabic, or agar-agar; and in acetone solutions of the same substances by 
dissolving in them successively more celluloid, has been investigated. Three different 
wave-lengths of the plane polarized exciting light were used. It is found that the percent 
of polarization is successively increased from zero or a low value to a maximum, by - 
dissolving in the solution a colloid. The maximum value will be reached in some cases 
with 60 percent, in others with 100 percent colloid in a solid film. The percent of polariza- 
tion in the case of colloid solutions shows the same effects as in the case of non-colloid 
solutions with a high viscosity, such as glycerin or oils. It is increased by lower con- 
centration of the dye, and by longer exciting wave-length. With dyes having shorter 
wave-length absorption bands (fluorescin, eosine), the wave-length effect proceeds at a 
slower rate than with solutions having longer wave-length absorption bands (magdala- 
red, rhodamine). By suitable choice of concentration and exciting wave-length, the 
maximum value of the polarization is about 35 to 40 percent. 


31. Fluorescent exciting power and black-body radiation. E. H. KENNARD, 
Cornell University.—Suppose one quantum number » of an atom has normally the 
value m, while another m is statistically distributed by thermal agitation. Let absorp- 
tion at frequency »; change to m2 and m from m, to m2; and suppose that after this 
process thermal agitation is either (a) ineffective (then m2z=m; below) or (b) completely 
effective in re-distributing m statistically. Suppose fluorescent emission of frequency 
vy then occurs while 1 changes back to m; and m changes from m; to my. Then the Ein- 
stein theory (1917) leads to the equations 

Pyx = RzQyUy, dyz/ bry == VyUy/ Vez, 

where ¢,2 =fluorescent emission of frequency », per unit volume excited by unit energy 
density at vr, a, =absorption coefficient and u,=black-body density of radiation for v,, 
and the factor kz depends on »; but not on »,. These equations should hold for iodine 
fluorescence, 7 referring to the electron jump and m either to the rotation of the molecule 
or to the atomic vibration. For the second equation, restrictions (a) and (b) are probably 
unnecessary. Perhaps the equations will hold also for fluorescent solids and liquids; 
experiments are in progress. 


32. Transformation spectra and the principle of essential indentity. E. L. NicHois 
and H. L. Howss, Cornell University.—At their transformation points many incan- 
descent bodies, particularly certain oxides, emit light over and above that due to their 
thermal state. The effect, although reversible, is most readily seen as a temporary flash 
up when a small mass of the substance is cooling. Through the spectroscope it may be 
seen to be selective. When the incandescent body contains a rare earth in solution, as 
activator, the transformation spectrum consists of narrow bands which appear suddenly 
in the field of view and melt away as the temperature falls below the transformation 
point. These coincide with the fluorescence bands characteristic of the activator or where 
that is not the case are members of the sets of equidistant components of which the fluor- 
escence spectrum is composed. In other words, the fluorescence spectrum and trans- 
formation spectrum for a given activator are essentially identical and the principle of 
essential identity, hitherto applied to luminescence at ordinary temperatures is extended 
also to the luminescence of incandescent substances. (Nichols and Howes, Phys. Rev. 
19, 304 (1922).) 
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33. The form of the absorption bands in solutions of the organic dyes, and a rela- 
tion between absorption and fluorescence. Ernest MERRITT, Cornell University—It 
is assumed that the active molecule behaves as an electric doublet whose moment 
changes from mo in the normal state to 4; when excited. In the field E due to the solute 
molecules the frequency for absorption, or emission, is then v instead of vo, where hy= 
hvo+(ui—mo)E. If thermal equilibrium is assumed the absorption coefficient a, which is 
determined by the distribution of the normal molecules, and the fluorescence F, de- 
termined by the distribution of the excited molecules, will be . 
a = V(E)exp(—poh(v—v0)/Rt(ui—o)), P= Fohv V(E)exp(—uih(v— v0) /Rt(u1—bo)), 

F/a= Fohvexp(—h(v— ) /Rt), 
where V(E) is the volume within which the field (in the direction of po) lies between 
‘FE and E+dE, and Fo depends on the duration of the excited state. If the solvent mole- 
cule is also a doublet, V(Z) is shown to be independent of v through a considerable range, 
so that a is exponential on the long wave side of the band. This result is confirmed by 
experiment with uranine in water. Measurements, not yet of high accuracy, indicate 
agreement with the theory to within 10 percent in the value of F/a. 


34. Gyromagnetic electrons and a classical theory of atomic structure and 
radiation. Louis Vessor Krnc, F.R.S., McGill University ——A charged sphere in 
rotation with spin Q; is deformed by translational velocity v into an ellipsoid of revolu- 
tion, and asa result acquires the properties of a gyrostat in so far as precessional oscilla- 
tions are concerned. The electrodynamic coefficients of inertia (A, C, C) are rigorously 
determined by integrating the magnetic energy throughout the space, within and with- 
out the ellipsoid whose deformation is considered to be physically real. It is shown that 
the frequency »v of precessional oscillation is given by 

Qrv = (C— A)/C= Q1(¢, — a1) B?(1+518?+ bo64*+ aeons ) 5 (1) 
and leads to the formula hv = 3m v*(2)for moderate velocities, where mo = 3e?/a and B =v/c, 
the velocity of light being denoted by c. Remembering that a precessing electron has 
the properties of a small magnet, and therefore can radiate electromagnetically, equation 
(2) is the well-known photo-electric equation, while h becomes a fundamental constant 
of a rotating electron expressed in terms of spin by the relation hQ| =2c?mo/(¢,—a1)(3) 
where (c;—a;) is a numerical constant equal to 2 for the simple model considered. The 
spinning deformed electron leading to equation (2) appears to give, on classical mechanics 
and electrodynamics, the key to radiation problems generally, and in the corresponding 
theory of atomic orbits yields the principal fundamental series formulae, as well as an 
adequate account of fine structure, Zeeman and Stark effects. 


35. Light quanta and interference. A. J. DEemMpsTER, University of Chicago. 
Experiments by W. Wien and by the author have shown that after 5 X 1078 seconds the 
process of light emission from a radiating atom is practically complete. The energy from 
a glow discharge radiated in the helium line 4471 (decay constant 5.42 X10") was 
measured by comparison with the intensity of the spectrum from a black body at a 
known temperature. The glow discharge was made so faint that 8.410 ergs or 19 
quanta fell on the end of an echelon diffraction grating per second. With this intensity 
each light quantum must pass through the echelon separately. Interference patterns 
were photographed, showing the same appearance as with bright sources. In particular 
the characteristic double order image was photographed, indicating interference of 
rays that have passed simultaneously through the fifteen different steps of the echelon. 


36. Effect of an electric field on the radiation from hydrogen atoms. K. L. HERTEL, 
University of Chicago. (Introduced by A. J. Dempster).—Canal rays were allowed to 
pass from a discharge tube through a small hole into an observation chamber which 
was kept at a very low pressure (.0005 mm of mercury). The luminosity from the rays 
died out rapidly as found by other observers. The light from the canal rays on first 
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entering the low pressure chamber was observed to be partially polarized, the com- 
ponent parallel to the bundle being the stronger. It was found that the polarization 
decreased with increasing distance from the opening, the rate of decrease of the polariza- 
tion being greater than the rate of decrease of the intensity of the rays. When an electric 
field was applied across the bundle the polarization observed at right angles to the field 
behaved quite differently. The initial polarization altered very rapidly, and, at two 
millimeters beyond the opening, was reversed so that the component polarized parallel 
to the bundle was weaker than the other. This partial polarization then gradually de- 
creased in the field at about the same rate as a polarization then gradually decreased 


in the field at about the same rate as a polarization observed without the electric 
field. 


37. The effect of changing the conditions of excitation upon the time of appearance 
of certain spark lines of cadmium and zinc. J. W.BraAms, National Research Fellow, 
University of Virginia.—The appearance of the spark lines of cadmium and zinc was 
studied in the two spectra produced when the same spark discharge passed between 
metallic electrodes in air and through the ionized vapor of the metallic arc, by a method 
previously described (Brown and Beams, J.O.S.A. & R.S.I., 11, 11, (1925)). Each of 
the spark lines 4924, 4912 (4d,,.—4f); 6103, 6021 (46,—5d,), (4b2—5d2) of zinc and 
5378, 5338 (5di:—4f1), (Sd2—4f2) of cadmium were observed to appear simultaneously 
in both spectra. From this it is concluded that the sequence in the appearance of 
spectrum lines in the spark is predominantly an atomic phenomenon and practically 
independent of the characteristics of the spark discharge. 


38. Intensities in spectra and the new quantum mechanics. FRANK C. Hoyt, 
National Research Fellow, University of Chicago.—On the basis of the new quantum 
mechanics of Heisenberg and Born it becomes possible for the first time to obtain exact 
expressions for the intensities of spectral lines. If the intensities for the linear oscillator 
as given by Born (Zeit. f. Phys. 34, 858 (1925)) are compared with those calculated on 
the basis of the older form of the theory it is seen that no one of the possible expressions 
which were previously proposed can be regarded as exact, provided the new theory is 
accepted. Computations from the new theory are shown to be in agreement with the 
relative intensities of the (01) and (02) bands in HCI. 


39. The use of a cathode-ray tube for the transmission of speech. C. W. VAN DER 
MERWE, Washington Square College, New York University, (Introduced by H. H. 
Sheldon).—One of the chief defects of the ‘‘speaking arc’”’ as used by H. Th. Simon in 
1898 was its comparative failure to reproduce in a satisfactory manner high-pitched 
tones. This failure was obviously due to the thermal inertia of the arc. The minuteness 
of the mass of the electron, and for that matter of the atom, suggested the substitution 
of an ordinary discharge tube for the electric arc. A tube of special construction con- 
taining a trace of a mixture of helium and neon was used and the substitution met with 
marked success, the high notes coming through much more clearly than in the case of 
the arc, sibilants like ‘‘s’” and ‘‘c’”’ being distinguishable from one another and voices 
being recognizable. Quantitative comparisons confirmed the superiority of the tube 
over the arc, and with a current of only 10 milliamperes flowing through the former, 
it was possible to telephone a distance of 60 feet with the greatest ease. The key to the 
success of the ‘‘speaking tube” is the luminosity of the discharge, since the light from the 
glow has to be reflected to the receiver. The success of this essentially wireless telephone 
will therefore depend on the efficiency with which discharge tubes carrying large currents 
can be built. 


40. Experiments on cathode sputtering. E. O. Hutsurt, Naval Research Labora- 
tory, Washington, D. C.—Experiments with the flying metallic particles sputtered 
from a cathode have yielded the following facts. The side of a glass plate away from the 
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cathode receives a film of metal as well as the near side. There is no critical relation 
between the position of the glass plate with reference to the boundary of the cathode 
(Crookes) dark space and the film received. Shadows on the metallic film, in some cases 
geometrical and in others more complex, are cast by diaphragms and obstacles. No 
evidence of the reflection of the particles from glass or metal plates was obtainable. 
The particles enter open-ended glass tubes only to a distance roughly equal to the 
diameter of the tube. Some of the particles leave the cathode surface normally and 
therefore may be focussed on to a glass plate by a concave (spheridal surface) cathode. 
The circular film thus formed, however, had an unexpected hole in the center. Likewise 
a cylindrical cathode, which should concentrate the film into a strip, did so, but the 
strip had a central line of no deposit. The explanation of the various effects is perhaps to 
be found in the different sizes, velocities and charges of the flying particles combined 
with the many complexities of the interior of a discharge tube. Experiments with 
twenty-two metals enable them to be classed according to their relative ease of sputter- 
ing. 

41. Normal arc characteristic curves depend on the absolute temperature of the 
anode. W. B. NortrincuaM, Princeton University.—The characteristic curves for normal 
arcs in air have been found to follow V=A-+B/I" where V is the potential drop, J the 
arc current, A, B, and n constants with m directly proportional to the temperature of 
the boiling point of the anode material. Since the publication of this equation (Trans. 
A.L.E.E. Jan. 1923, p. 12) it has been verified by Anderson and Kretchmar (Phys. Rev., 
26, 33, (1925) ) for short platinum and tungsten arcs of small current intensity. Recent 
measurements on tungsten arcs 2.0 mm to 10.0 mm in length and for currents 1.0 to 
10.0 amperes show the average value of 7 to be 1.38 indicating a temperature of 5250°K 
while for the six arc characteristics of lengths between 5.0 mm and 10.0 mm the value of 
n was found to be 1.34 which corresponds to a temperature of 5100°K and agrees exactly 
with the Langmuir calculation. (Phys. Zeit., 14, 1273, (1913)). The ten points now 
located along the straight line n =2.62(10)~4T are 

Anode W FL C CuO. Al.O;*) (NiO™== Ag eee peed Bi 

T°K 5100-4180 3770 2580 2480 °2450°°2370"" 18507717 10—stGg8 
n 1.34 1.15 0.985 0.67 0.65 0.64 0.624 0.48 0.46 0.445 
These observations indicate that there may be something more significant to the equation 
V=A-+B/I" than simply a convenient empirical formula and should be recognized as 
an experimental fact to be explained by any comprehensive theory of the electric arc. 


42. Collisions between electrons and gas molecules. Irvinc LANGMuIR and H. A. © 
Jones, General Electric Co.—By a method already described (Science, 59, 380 (1924) ) 
the volt-ampere characteristic of a cylinder surrounding a coaxial cathode in a gas at 
low pressure gives quantitatively the probability P (per cm of electron path) that the 
electron, of 50 to 250 volt energy, will make a collision of a specified type. Thus the 
collisions may be elastic (P.) or inelastic (P;) and the inelastic collisions include those 
that ionize (P;) and those (P,) that make the electron lose a definite energy corresponding 
to a resonance potential (E, volts). The electrons that make elastic and resonance 
collisions are scattered by each such collision only through small angles distributed 
according to probability laws, 6. and 6, being 2/7? times the most probable angle of 
deflection in degrees. The results for 100 volt electrons calculated for a gas pressure of 
1000 bars at 20°C are 


Gas Le¥ deg P; Os. a = OF ee 
Hg 19. 33. 10. [40s ree 14 6.7 
A 10. 14. fn8 14) be 14 15 
He igé ors 0.9 26 He teyTy 20. 
NE 7.8 1352 3.6 14. "0S 218 13. 
H» 4.8 jie 2.8 14 fa 15 125 
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43. Collector characteristics in neon and helium. R. Rupy, Nela Research Labora- 
tory.—After having passed for variable distances through neon at pressures from .01 
to 1 mm Hg, 70-volt electrons were received upon a disk. With a retarding field of over 
100 volts, only positive ions reached the filament; their number remained nearly un- 
changed as the collector was moved away for a distance of several cms, and then started 
to decrease. When the collector was given the potential of the cathode, it began to 
receive primary electrons, which caused a break in the characteristic. From the slope, 
their average energy could be determined for different positions of the collector and 
compared with the results deduced from the theory of the scattering of electrons. Even 
in inert gases, the loss of energy is considerable besides excitation and ionization, 
whereas it is often neglected in the work on activation and disappearance of gases in 
the electric discharge. As the pressure was increased, the break disappeared entirely; 
the collector was now in the “positive column”’ of the discharge; a strong increase in 
current occurred only when the anode potential was approached. With heavier dis- 
charge currents space charges (e.g. near the collector) disturbed the field and discon- 
tinuous changes were noted. 


44. Hydrogenation of ethylene by excited mercury atoms. A. R. OLSON and 
C. H. Meyers, University of California—In a previous article, (J. A. C. S. 48, 389 
(1926) ), we have shown that ethylene and hydrogen react to form ethane under the 
influence of excited mercury atoms. The rate of the reaction was found to be proportional 
to the square root of the partial pressure of molecular hydrogen when all other factors are 
kept constant, and therefore the primary reaction is Hy=2H. The atomic hydrogen then 
diffuses from the illuminated region into the body of the gaseous mixture where hydro- 
genation occurs. The addition of an inert gas such as nitrogen should lower the diffusion 
rate. This effect is in qualitative agreement with the increased brightness of the thallium 
lines in the presence of nitrogen as observed by Loria, and in the decreased reaction rate 
of water formation from oxygen and hydrogen in the presence of nitrogen as observed 
by Mitchell. In the present set of experiments a gaseous mixture composed of 2.5 mm 
of No, 4.5 mm of Hz and 1.2 mm of C2H, were circulated past the illuminated window. 
The rate of reaction was found to be the same, within experimental limits, as the rate 
for the same mixture without the nitrogen. Under these conditions any increase of 
reaction rate due to metastable mercury atoms, must be offset by a decrease of rate due 
to diffusion. The broadening of the absorption line of mercury due to the added nitrogen 
was investigated by an external filter containing mercury vaporand found tobe negligible. 


45. Measurement of the increase of metastable atoms in mercury with accelerating 
voltage. HELEN A. MESSENGER and HARoLp W. WEBB, Columbia University.—The 
“radiation” from mercury vapor excited in a four-electrode tube by electrons from an 
equipotential cathode was measured by the ‘“‘photo-electric’’ current from the nickel 
plate which was not sensitive to \2537 radiation. A quartz or a calcite window could be 
lowered at will into the space between the grids to cut off metastable atoms from the 
plate. With no window typical Frank and Einsporn curves were obtained showing all 
the breaks which they found. With quartz a similar curve was obtained above 5.2 volts 
although the current was reduced to 10% or less. Below 5.2 volts there was no measur- 
able current. With calcite the currents were still smaller; the 5.7, 6.7, 8.05 and 8.35 
breaks were missing. The difference between the ‘“‘photo-electric’”’ currents in the open 
tube and those obtained with quartz interposed measures the increase of metastable 
atoms with accelerating voltage. The difference between the quartz and the calcite 
curves shows the presence of \2140 radiation and further shows that the \1849 radiation 
increases linearly from 6.7 volts. 


46. The formation of negative ions in mercury vapor. WALTER M. Nigvsen, Duke 
University.—The method used is similar to that of Mohler (Phys. Rev. 26, 614, (1925) ) 


808 THE AMERICAN PHYSICAL SOCIETY 


Electrons, projected along the axis of a tube between two plates were prevented from 
scattering by a magnetic field of 350 gauss parallel to the axis of the tube. Negative 
ions formed by the attachment of an electron to a molecule or to an atom were removed 
by suitable potentials applied to the side plates. The remainder of the current reached 
a circular plate at the end of the tube. With a small field between the side plates, the 
negative ion current was just barely observable (1107 amperes). With higher 
fields the ion current increased enormously, approaching saturation when the potential 
difference between the side plates was increased to between 3 and 4 volts. The negative 
ion current was of the order of 9X10-9 amperes. The total current was of the order of 
110-7 amperes. The ratio between the negative ion and total current decreases 
with increase in the driving potential for low voltages, but increases at 2h ytd earns 
and 8.8 volts. The cause of the break at 2.7 volts is not known. The breaks at 4.7, 5.5, 
and 8.8 volts are believed to be associated with the electronegative properties of the 
mercury atom having an electron in a metastable orbit. The total current increases 
rapidly with increase in the driving potential and decreases at 4.9 and 6.7 volts. 


47. Resonance and ionization potentials in mercury vapor. C. W. Jarvis, Ohio 
Wesleyan University Measurements on the critical potentials in mercury vapor were 
made with two types of tubes: (1) a three-electrode tube by which both total and partial 
currents were observed; (2) Hertz differential tubes of several different sizes. The table 
shows the values obtained together with those calculated from the relation Ve=hv 
and those reported by Franck and Einsporn. 

Calc. F.&E. Author Cale. F.&E. Author Cale. F.&E. Author 


1.26 123 2228 2 5e22 7.69 (PLE 7.74 
2.26 IRI 5.43 5.47 LH 8.05 8.02 
2.60 2.80 Suro 5.16 5.70 5:90 8.33 
33 3.44 6.04 6.05 8.81 8.86 8.82 
3.70 3.80 6.30 6.46 9132 9.37 9.33 
4.16 4.21 6.67 63:73 6.79 9.52 9.60 9.58 
4.66 4.68 4.53 112 C4345 19.80 9.78 9.90 
4.86 4.90 4.97 7.46 7.41 


A number of critical potentials below 4.68 volts were observed. The interpretation 
of these is much in doubt, as they imply that in normal mercury vapor the valence 
electron is in a higher energy level than that corresponding to the ground orbit of the 
valence electron. Perhaps they may be attributed to the molecule of mercury. 


48. The ionization potentials of hydrogen and nitrogen on an iron catalyst. GEORGE 
KiIsTIAKowsky, Princeton University, (Introduced by K. T. Compton).—By the 
method of electron bombardment, Gauger and Wolfenden showed that hydrogen 
adsorbed on nickel has radiation and ionization potentials characteristic of atomic 
hydrogen. Nitrogen adsorbed on a promoted iron catalyst has now been studied by an 
improved method. The catalyst was prepared by reduction in hydrogen and contained 
residual hydrogen. Ionization potentials in presence of nitrogen were found at 11.1, 
13.0, 16.0, 17.1 corrected volts. The two highest doubtless belong to molecular hydrogen 
and nitrogen. 13.0 volts is slightly different from the ionization potential of gaseous 
atomic hydrogen, but evidently the energy required for ionization of an adsorbed gas 
atom is not necessarily the same as that for a free atom. This energy is compounded 
of the ionization energy of a free atom plus its adsorption energy minus the energy of 
adsorption of a free electron by the metal. The last two terms are not necessarily equal, 
though they are known for hydrogen to be not very different. The ionization at 11.1 
volts was only observed when catalyst and nitrogen were both present and belongs, 
probably, to atomic nitrogen, whose gaseous ionization potential has been estimated 
spectroscopically as about 11 volts. Catalytic poisons were found to suppress the 
critical potentials at 11.1 and 13.0 volts. 
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49. Direct determination of the ratio of Planck’s universal constant to the charge on 
the electron. ERNEest O. LAWRENCE, National Research Fellow, Yale University.— 
The precision of the method for critical potential measurements described at the Mon- 
treal meeting has been developed to a greater degree. The most recent determinations 
of the ionization potential of Hg vapor with assigned ‘‘weights”’ are: 


Volts Weight Volts Weight 
10.46 8 10.36 5 
10732 4 10.40 4 
10.42 10 10.44 4 
10.37 10 10.39 10 


Calculating in the usual way the mean value and probable error we have for the ioniza- 
tion potential 10.399 (+.007) volts. Applying the quantum postulate to the series limit 
there results for the ratio h/e the value 1.3735 (+.0009) X1077. Using Millikan’s 
determination of e we have for / the value 6.550 (+.006) X 1072’, in which the error pre- 
sumably is concerned with the uncertainty in e. These results are tentative pending the 
outcome of a thorough investigation of possible sources of systematic error. 


50. On the threshold sensitivity of photographic emulsions to low speed electrons. 
KENNETH COLE, Cornell University, (introduced by F. K. Richtmyer).—A new design 
of magnetic dispersion electron spectrograph has been used in an investigation of the 
sensitivity of photographic emulsions to electrons of speeds below 100 volts. With 
commercial emulsions, the lowest speed that will produce a perceptible effect depends 
upon the emulsion and is usually in the neighborhood of 30 volts. It has been found 
however that a very thin film of lubricating oil on the surface of the emulsion enormously 
increases its electron sensitivity and at the same time lowers the threshold speed. With 
both oiled and unoiled emulsions, the photographic action seems to be due to fluorescence 
excited at the surface by the electron impact. 


51. Secondary emissions from metals due to bombardment by high speed positive 
ions. WILFRID J. JACKSON, Princeton University, (Introduced by K. T. Compton).— 
A beam of K* ions from the iron catalyst source discovered by Kunsman was collected 
in a Faraday cylinder. A target could be interposed at the mouth of the cylinder by a 
magnetic control. The difference in current measured in these two cases gave the 
amount of the secondary emission. A transverse magnetic field could be applied at the 
target to prevent emission of electrons and thus separate electron emission from positive 
ion reflection. On bombardment of a molybdenum target which had been baked in 
vacuo to 1000°C and then exposed to air before final evacuation of the apparatus, 
secondary emission was inappreciable if the energy of the bombarding ions was less 
than 250 volts, was appreciable (1%) at 350 volts and. rose steadily to about 9% at 
1000 volts. These values depended somewhat on previous treatment of the target. 
After heating in position in vacuo by induced currents the emission fell to not more than 
a third of the above values. The secondary electrons were stopped by retarding fields 
of 0.25 volts. Positive ion reflection did not exceed 2%. Secondary emission from nickel 
was first detected at about 400 volts and increased to about 7% at 1000 volts. 


52. Long wave length limit of mercury. WAYNE B. HA es, California Institute of 
Technology.—Kazda made the first definite and satisfactory determination of the 
critical potential and long wave-length limit for a clean flowing merucry surface, locating 
this critical frequency at 2735A with an uncertainty of +10A. Sophie Taubes’ recent 
determination made on mercury drops suspended in argon was very much higher, namely, 
3043 +20A. I have, with completely new apparatus and new working conditions, found 
this long wave-length limit to be 2735A and have succeeded in getting a stationary 
surface so clean that the critical frequency has been found for it, namely, 2735+10A 
which is in entire agreement with Kazda for flowing mercury. 
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53. A new effect in the photo-electric emission from oxide-coated filaments. 
W. H. Crew, Naval Research Laboratory, Washington, D. C.—Total radiation from a 
quartz mercury arc was directed on to the oxide-coated platinum filament of a two- 
electrode quartz vacuum tube. Current-voltage curves were obtained with and without 
the light shining in the tube; and from these was determined the electron current due to 
the light alone. This current, plotted as a function of the plate voltage, increased 
rapidly to a maximum and thereafter fell off gradually. The position of this maximum 
was found to shift in the direction of decreasing potentials with increase of the tempera- 
ture of the filament. Similar phenomena were observed with a filament made of oxide- 
coated tungsten, but could not be detected for either platinum or tungsten without 
oxide coating. The photo-electric emission was largely due to light of wave-length 
below \3000A; for the photo-current was reduced almost to nothing by use of suitable 
glass absorbing screens, and was enhanced when mercury vapor was removed from the 
tube and the arc was water-cooled. The explanation of these phenomena is perhaps to 
be found in the changes in the surface of the filament under the action of the light rather 
than to space-charge effects. 


54. The theory of thermionics. N. RAsHEvsKY, Westinghouse Elec. & Mfg. Co., 
East Pittsburgh, (introduced by Dayton Ulrey).—The expression for the free energy 
of a metal is derived by computing the ‘‘Zustandsumme.”’ Account is taken especially 
of the fact that the thermionic phenomena are essentially surface phenomena. The 
expression for the free energy thus obtained is substituted in the general formulas for 
thermionic emission previously derived. The final formula thus obtained gives indica- 
tions for the understanding of the fact that while for pure metals the “‘A’”’ constant of 
Richardson’s equation has almost exactly the universal value postulated by Dushman, 
it has a largely different value for oxides and adsorbed films. The question as to the 
existence of an electric double-layer on the surface of a metal is discussed, as well as 
the influence of such a layer on thermionic emission. It is shown that while the existence 
of such a layer follows from Schottky’s ‘‘Equilibrium Theorems,” the same theorems lead 
to the conclusion that the temperature change of the moment of such a layer is relatively 
small. Its value may be approximately estimated. 


55. Measurement of electronic charge by shot effect in aperiodic circuits. N. H. 
WitviAMs and H. B. VINCENT, University of Michigan.—The theory of the probability 
variations of thermionic currents and their relation to the charge on the electron was 
investigated by Schottky. Hull and Williams measured the charge on electrons produced 
by thermionic emission, by photo-electric emission and by ionization of a gas. They 
worked with the high frequency currents set up in a tuned circuit by the Brownian 
fluctuations of the electron currents in a tube. The work here presented makes use of a 
five stage amplifier similar to the one they have described. The screen grid tubes were 
furnished by the General Electric Company. A pure resistance is substituted for the 
tuned circuit in which the shot effect is measured and an expression for the electronic 
charge in terms of the high frequency potential difference between the terminals of this 
resistance is developed. Both the mathematical derivation and the experimental pro- 
cedure are considerably simplified. The results thus far obtained are in close agreement 
with the accepted value of the electronic charge. Measurements of shot effect have 
already thrown some light upon the nature of ionization and the mechanism of secondary 
emission and it is believed that this modification of the former method of measurement 
will increase the range of such investigations since the effects are larger and more easily 
measured. 


56. Velocity distribution among thermionic electrons in vacuum and in hydrogen 
atmosphere. C. DEL Rosario, Yale University, (introduced by W. F. G. Swann).— 
The thermionic current from a tungsten filament to a coaxial cylindrical electrode was 
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measured for different retarding potentials first in vacuum and then in hydrogen, keep- 
ing the temperature of the filament constant. The heating current was made intermittent 
to eliminate potential drop along the filament when the thermionic current was being 
measured, and it’s effective value was kept constant to 1/20 percent by a Wheatstone 
bridge arrangement of which the filament was made one arm. The filament temperature, 
determined from data of Forsythe and Worthing ranged from 1800°K to 1990°K, and 
the pressure of hydrogen was varied from 0 to 0.22 mm Hg. The distribution of velocities 
among the electrons was found to follow Maxwell’s law, contrary to the experience of 
other observers, for a gas in thermal equilibrium with the filament for both vacuum 
and hydrogen atmosphere. 


57. The adsorption of caesium on tungsten and oxidized tungsten. JosrepH A, 
BECKER, Bell Telephone Laboratories, Inc.—By means of a method previously de- 
scribed it is possible to determine the number of caesium atoms and ions that evaporate 
from a cm? of tungsten at various temperatures when the tungsten is covered to various 
extents. The results are exhibited by curves showing rates of evaporation versus fraction 
of the surface covered. A typical isothermal rises sharply at the origin, reaches a maxi- 
mum for 1 percent of covering, then decreases exponentially until the covering is 20 per- 
cent when it again rises steeply. The first rise and fall are due to ions, the second rise to 
atoms. These curves show that as more caesium is adsorbed ions evaporate less readily 
while atoms evaporate more readily. They explain (1) why positive ion emission versus 
temperature curves show a steep rise at an upper critical temperature at which the 
filament cleans off spontaneously, and a steep decline at a lower critical temperature; 
(2) the lack of discontinuities in the electron emission at these same temperatures; 
(3) why the filament may be covered to two different extents separated by a dividing 
edge; (4) why this edge travels along the filament; (5) how changes in the caesium vapor 
pressure affect these characteristics. 


58. A new theory of ionic mobilities. A. P. ALEXEIEVSKY, University of California, 
(introduced by Leonard B. Loeb).—Recently, Loeb has shown in HCI gas that the ions 
are probably clusters of molecules about a charged molecule. Previous theories have 
accounted for the mobility of ions assuming that the clusters consist of but a few mole- 
cules. In this paper it is shown that it is possible to account for the mobility of these 
ions by assuming that the ion consists of a droplet of liquid HCl, condensation being 
caused by the electrical forces of the charged molecule. Assuming that the force of 
attraction between ion and molecule is given by f=(D—1)e?/27Nr> where D is the 
dielectric constant, e is the electron, N the number of molecules per cm’ and r the distance 
ef the HCl molecule from the charge, one can calculate from the expression vdp= 
((D—1)e?/2xr®N)dr, using Van der Waal’s equation, the radius R of the droplet which 
would be in equilibrium with any pressure of the gas. Placing the value of the radius 
so calculated in Epstein’s equation for the mobility of a charged spherical droplet in an 
electrical field the mobility of the HCI ion is computed and found in good agreement 
with observed values. The equations also enables one to calculate the variation of the 
mobility with concentration in HCl air mixtures. 


59. Molecular structure and the relative mobilities of positive and negative gaseous 
ions. LEONARD B. Logs and A. M. Cravaty, University of California.—Recently it has 
been shown by Loeb that the mobility of the negative ions in HCI gas is less than that 
of the positive ion. Condon made the suggestion that this was due to the presence of the 
H nucleus in the molecule which lay closer to the molecular surface than in most mole- 
cules. In a recent paper by Hund it is shown that both H.O and HS exhibit the same 
general characteristics as HCl in the placing of the H nucleii. Mobility measurements 
have been made in these gases using the Franck modification of the Rutherford alter- 
nating current method. The mobilities of the positive ion in H2S was 0.61 cm/sec per 
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volt/cm and that of the negative ion was 0.55 cm/sec per volt/cm. In water the mo- 
bilities were 0.62 and 0.56 cm/sec per volt/cm respectively. It is seen that these results 
are in agreement with the anticipation. The mobility values are relative to air, assum- 
ing 1.4 for positive and 1.8 for negative ions in cm/sec. per volt/cm. 


60. Ether-drift experiments at Mount Wilson in February, 1926. Dayton C. 
MILLER, Case School of Applied Science.—In February 1926, the ether-drift experiments 
were continued at Mount Wilson under very favorable conditions of weather. This 
series, consisting of 101 sets of observations involving 34000 readings, is the most 
extensive yet made for any one epoch. This epoch was chosen because, when combined 
with the epochs of 1925, it gives observations well distributed throughout the year. 
The new observations entirely confirm the results of the 1925 observations as announced 
at the Kansas City meeting. There is a periodic displacement of the interference fringes 
which is clearly systematic and cosmical in character; it is such as would be produced 
by a relative motion of the earth and the ether of 10 kilometers per second, the apparent 
apex of the earth’s motion being a point in space having the right ascension of 255° 
and a north declination of 68°. The definitive values of the codrdinates, from all available 
observations, are not yet determined. Causes for the observed phenomena other than 
relative motion are to be considered. 


61. Faraday tubes and amperes rule. R. C. CoLWELL, West Virginia University.— 
A new theory of Faraday tubes is outlined in which each tube is supposed to be made up 
of a succession of double doublets. These doublets have both electric and magnetic 
polarity. In a Faraday electric tube the electric poles are placed end to end and the 
magnetic poles are then perpendicular to the tube. In a Faraday magnetic tube, the 
electric poles are perpendicular to the tube. A Faraday tube always extends from a 
positive to a negative pole and shortens by an elision of the double doublets. When 
these doublets are elided they go out with a right hand twist thus giving rise to a closed 
electric or magnetic line of force. A lengthening of a Faraday tube reverses the direction 
of the closed magnetic (or electric) line of force. The single rule that ‘‘a shortening 
Faraday tube gives a right hand twist, a lengthening Faraday tube a left hand twist”’ 
is then sufficient to cover all cases of induced currents. It is also shown that this rule 
is equivalent to Ampere’s rule regarding the attraction between two conductors which 
have currents in the same direction, so that Ampere’s rule alone may be substituted for 
the many rules that are now given to determine the direction of an induced current. 


62. The electric field of a charged wire and a slotted cylindrical conductor. CuHEs- 
TER SNow, Bureau of Standards.—The potential is found which is due to a fine wire 
(charged) in the presence of an outer shield at potential zero. This shield consists of a 
thin cylindrical shell, concentric with the wire, whose trace on a plane perpendicular 
to the latter consists of m equal, equally spaced circular arcs of a common circle. The 
problem is first simplified by a complex transformation Z" =z, reducing it to that of a 
line charge in the presence of a single (incomplete) circular arc (a part of the circular 
arc r=a). This problem is solved for any position of the line charge, the solution being 
effected first by a transformation z=a(i—z')/(t+z!) which transforms: the interior of 
this circle into the entire upper half of the 2’-plane. The circular boundary then corre- 
sponds to the real axis of 2’. This problem (that of a line charge in the presence of a finite 
straight line at zero potential) is again simplified by the transformation z’ =c cos w which 
represents the entire z’-plane upon a semi-infinite. strip in the w-plane. The proper 
(periodic) solution due to a line charge in this strip is then built up by an infinite series 
of images and their effect summed. By retracing the steps of the transformation, a solu- 
tion in finite form is obtained for the original problem. 
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63. Anew type of contact rectifier. L. O. GronpAuL, Research Department, 
Union Switch and Signal Co.—A piece of copper with a layer of copper oxide formed 
on it at a high temperature is an unsymmetrical conductor of electricity. Ratios between 
high resistance and low resistance as high as 20,000 have been obtained. The unit con- 
sists of the oxidized piece of copper with a contact on the outer copper oxide surface 
made by means of a piece of lead or other soft metal applied under pressure. Ina 1-1/2” 
disc, the low resistance may be a small fraction of an ohm and it is therefore capable of 
carrying comparatively high current. The capacity of sucha disc js represented by a d.c. 
output of 5 watts. Cuprous oxide is an electronic conductor and the rectifier is therefore 
permanent. The effects of voltage and of pressure on resistance are similar to the corre- 
sponding effects in contact rectifiers, the principal difference being in the magnitude of 
the resistances. The voltage characteristic results in a very slight distortion of the 
rectified wave. No forming is necessary so the rectifier is immediately operative when 
the alternating voltage is applied. The units may be assembled like cells in a battery 
to supply higher voltages or greater currents. 


64. Electrolytic conduction of potassium through glass. V.ZworvKIN, Westinghouse 
Elec. & Mfg. Co., East Pittsburgh.—Burt has reported the successful introduction of 
sodium into a thermionic vacuum tube by electrolysis, the filament of the tube being 
connected to the negative terminal of a d.c. supply while the positive terminal is con- 
nected to a crucible containing molten sodium nitrate into which the tube is immersed. 
Attempts to duplicate the experiment with potassium were unsuccessful, the failure 
being attributed to the smaller mobility of potassium ions. The author has repeated 
Burt’s experiments with different glasses and finds that for a soda potash glass immersed 
in KNO; the metal introduced into the tube is primarily sodium while the glass itself is 
enriched in potassium at the expense of sodium and becomes unusually brittle. When a 
potash glass, free from sodium, is used, potassium of high purity passes into the tube 
without corroding or embrittling the glass. This seems to show that Burt’s negative 
results with potassium were due primarily to the difference in dimensions and molecular 
forces of potassium and sodium ions. 


65. The sodium voltameter. RoBErRT C. Burt, California Institute of Technology. 
—This voltameter, mentioned in recent publications, using the electrolysisof Nathrough 
glass, has been modified in form by using metal contact with the glass instead of ther- 
mionic emission. The voltameter not only possesses a large advantage over the silver 
voltameter because of the simplicity of the operation involved and reproducability under 
ordinary working conditions where the limit of refinement is not demanded, but it has 
also been shown to yield results which are certainly correct to 1° part in 2000, and 
probably to 1 part in 6000. 


66. Contact electromotive force of carbon. BRIAN O’BRIEN, Buffalo Tuberculosis 
Association, Perrysburg, N. Y.—The carbon surface was prepared by depositing a thin 
layer of soot from pure benzol on a platinum ribbon. The contact e.m.f. was measured 
against cupric oxide by the Kelvin method with a precision of 0.01 volt. Freshly smoked 
surfaces in air before outgassing were positive to CuO by about 0.40 volt, with some 
variation between different surfaces prepared alike. Reduction of pressure from at- 
mospheric to less than 10-* mm mercury without heating made carbon slightly less 
electropositive, reaching a steady state. Outgassing carbon at successive temperatures 
up to 1400°C (the CuO at all times cool) made the carbon less electropositive, finally 
becoming negative to the CuO by 0.11 volt. The outgassing-contact e.m.f. curves were 
fairly reproducible on a number of surfaces. An outgassed surface allowed to stand in 
air became more electropositive, but did not return to initial value. There was no 
evidence of a final value characteristic of a completely denuded carbon surface, as further 
heating at higher temperatures rendered the carbon progressively more electronegative. 
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Effect of mercury vapor. Allowing mercury vapor at a pressure of 0.001 mm in the tube 
did not affect the contact potential difference between the carbon and the CuO, 


67. Dielectric constant of an electrolyte. EDwArp M. LITTLE, University of Illinois, 
(introduced by Jakob Kunz).—Dielectric constant is related to electric moment per unit 
volume just as permeability is to intensity of magnetization. The electric moment of 
an electrolytic solution decreases with ionization, and the dielectric constant for 100% 
ionization of the solute equals that for the pure solvent (corrected for volume change). 
A critical value of dielectric constant, k,, is assumed, above which the molecular binding 
forces in the solution are weakened sufficiently to allow all molecules to ionize. For 
values of k below this, thermal agitation together with the dielectric constant, occasion- 
ally ionizes a solute molecule. In general, for initial values of k less than k, and also 
for some values greater, there is less than 100% ionization of the solute. A relation 
between 7 (ionized molecules per cc) and the concentration, ¢ (molecules of solute per cc) 
is found, and asa relation between k, n, and c is known (because of the relation between 
k and intensity of electrification) the relation between k and c is then obtained. It is 
approximately a hyperbola.: The initial drop in the experimental curves is due to group- 
ing of molecules around ions, thus decreasing the intensity of electrification and there- 
fore the dielectric constant. 


68. Piezoelectric quartz oscillators coated with metallic films. E. O. HULBURT, 
Naval Research Laboratory, Washington, D.C.—Recent experiments have demon- 
strated that a quartz piezoelectric crystal with the sides coated with films of platinum, 
copper, or other metals, may be used in a suitable electron tube radio circuit as an 
oscillator, i.e. a generator of sustained current oscillations. Electrical connection was 
made to the metallic films by soldering small wires to the films or by a brush con- 
tact. The natural frequency of the crystal was changed but slightly by the addition of 
the metallic film. This frequency change with the weight of the film, the effect of the 
films on the other frequencies and harmonics, the effects of temperature, gas pressure, 
etc., are being investigated in detail. W. G. Cady has shown that a piezoelectric crystal 
coated with chemically deposited silver will serve as a resonator in a radio frequency 
circuit; its use as an oscillator, however, appears to have been unsuspected. In fact 
previous experience would suggest that a metallic film adhering to the crystal may 
destroy its oscillating properties, just as an oil film is known to do. 


69. A new phenomenon dealing with the action of electrostatic fields upon electric 
currents. PALMER H. Craic, University of Cincinnati.—If the Hall effect is caused by a 
magnetic deflection of the free electrons within a metal, an analogous effect should be 
produced by an electrostatic field. An electrostatic potential of 17,000 volts was applied 
to the edges of a bismuth film 7.53.0 cms in area and 0.045 cms thick, by means of 
copper rods separated from the bismuth by sulphur or plate glass insulation. When a 
current of one ampere flowed through the strip longitudinally, a net transverse potential 
difference of about 40 microvolts was measured between point contacts at the edges 
midway between the ends of the film. This was a net effect after correction had been 
made for thermal effects, leakage currents and other causes masking the true effect. 
The transverse potential decreased with decreasing electrostatic field, longitudinal 
current and thickness of the film, and was measured by a potentiometer arrangement 
sensitive to 0.01 microvolt. Moving the point contacts towards the end of the strip 
also decreased the effect. No effect was observed in copper, silver and aluminum and 
it was therefore concluded that if the phenomenon exists in these metals it is of very 
much smaller magnitude than that in bismuth. The magnitude of the Hall effect is 
approximately 611 times that of the new effect when comparing the magnetic effect at 
1000 gauss with the electrostatic effect at 17,000 volts, the same bismuth film and a 
longitudinal current of one ampere being employed in both cases. 
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70. Wave form of free electrical oscillations: self-capacity effect in multi-layer coils. 
ALLEN Astin, New York University. (Introduced by J. C. Hubbard).—Observations 
have been made of the wave form of the free oscillations of a section, or sections of a 
multilayer coil by itself, and with added capacities, using the drop chronograph method 
developed by J. C. Hubbard (Phys. Rev., 9, 529, (1917)). From the results periods, self 
capacities and damping factors of the coil are determined. Periods are determined to 
less than 1/10 percent. The resistance is determined from the decrement. From a 
calibration of the contacts of the instrument, using a constant potential, the oscillation 
potentials are found to be in excellent agreement with those calculated from the constants 
of the circuits. With a coil of rectangular cross section of winding, with layer windings 
in several sections, but with the unused sections disconnected, the free periods are 
approximately independent of the number of sections used. 


71. The inductance of a helix made with wire of any section. CHESTER SNow, 
Bureau of Standards.—A formula has been derived for the inductance of a single layer 
helix which is to be used in absolute measurements of precision. It takes account of the 
helical nature of the winding and hence of the axial component of current in it. It is 
derived for any shape of wire section and is especially simple if this is symmetrical about 
each of two axes passing through its center of gravity. It is correct to the second order 
inclusive in small quantities like the ratio of the dimensions of the wire section to the 
radius of the cylindrical form. The current density is not assumed to be uniform but the 
formula applies (to the second order) to any current distribution which is developable 
by Maclaurin’s theorem over the section of the wire. The formula is specialized and 
simplified for the cases of wires having circular or rectangular section. For windings 
of ordinary dimensions a precision is claimed of at least one part in a million. 


72. The resistance of condensers at radio frequency. R. R. RAMSEY, Indiana Uni- 
versity.—The condenser was placed in a ‘‘differential thermometer’? made of two 
800 cc pyrex glass beakers inverted on and sealed to two glass plates. Through each 
glass plate three holes were drilled. In two of these, electrical connections were placed 
and through the third a glass tube was sealed. To the glass tubes was fastened a U-tube 
filled with water. The height of the water in the tubes served to indicate the relative 
pressure in the two beakers. The radio condenser, which was an eleven plate variable 
condenser of ‘‘low loss” construction, was placed in one of the beakers and connected 
to the electrical connections which extended through the glass plate. In the second 
beaker a second condenser exactly like the first was placed, but this condenser was not 
connected to the terminals. A short piece of resistance wire was connected to the electri- 
cal terminals. The first condenser was connected into a radio frequency circuit and the 
resistance wire was connected to the electrical terminals. The first condenser was 
connected into a radio frequency circuit and the resistance wire was connected to a D.C. 
circuit. Then assuming that both beakers are exactly alike thermally when the pressures 
as indicated by the water in the U-tube are the same, we have JR in the high frequency 
side is equal to 7r in the D.C. side. The average of a number of determinations at a 
frequency of 10° cycles, was .098 ohms. The individual results varied from .05 ohms to 
.15 ohms, the condenser being set so that the capacity was .00008 microfarads. 


73. Establishment of radio standards of frequency by the use of a harmonic ampli- 
fier. C. B. JoLLIrFFE and GrAcE Hazen, Bureau of Standards.—One method used by the 
Bureau of Standards in establishing radio standards of frequency consists in the “‘step- 
ping up” from a known standard audio frequency to a radio frequency by the use of 
harmonics. The low-frequency output is carried through an amplifier arranged to distort 
and so produce harmonics. By means of tuned circuits a harmonic is selected which in 
turn serves as a fundamental for further distortion and amplification to give the desired 
frequency with sufficient power to operate the frequency meter under standardization. 
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A fixed radio-frequency generator such as a piezo oscillator, or a fixed audio-frequency 
generator such as an electric-driven tuning fork, can likewise be standardized by the use 
of the harmonic amplifier with the addition of a sonometer for measuring an audio- 
frequency beat note produced by a harmonic from the standard audio-frequency source 
and the fundamental or harmonic from the fixed-frequency generator. The frequency of 
the beat note is impressed on the steel wire of the sonometer by means of a telephone 
receiver magnet. The vibration frequency of the wire is calculated by means of. the 
constants of the wire and the tension applied. 


74. Cooperative investigation of radio fading. J. H. DELLINGER, C. B. JOLLIFFE 
and T. PARKINSON, Bureau of Standards.—Signal intensity fluctuation is one of the 
chief barriers to reliable long distance reception of broadcasting and of the higher radio 
frequencies. With a view to securing quantitative data on this phenomenon the Bureau 
of Standards invited a number of university and other laboratories to engage in a co- 
operative program of fading measurements. This report summarizes the progress made 
in 1925 when five series of simultaneous observations were made on certain specially 
arranged transmissions from broadcasting stations. Twenty laboratories in the eastern 
half of the United States were engaged in the work. The measurements consisted of re- 
cording graphically variations of deflection of a galvanometer connected to radio receiv- 
ing apparatus so as to indicate directly variations in the received field intensity. These 
records were supplemented in some cases by absolute measurement of the field intensity 
and by simultaneous continuous records of direction variation. The measurements 
yielded data of value on the characteristic radio wave phenomena during a solar eclipse, 
during the sunset period and the variations throughout the whole diurnal cycle. 


75. Reception currents from a loop antenna. R. C. CoLweLL, West Virginia 
University.—If the oscillations in the four sides of a loop antenna are regarded as made 
up of the oscillations of a succession of vibrating doublets, an integration around the 
the loop will give the resultant electric vector for any point in space. For the two vertical 
sides of the loop, the electric intensity takes the form Es =(2I tan 6/cro)(1—cos 2xh 
cos 6/Aro)?(1—cos 2raX/dr)? This equation shows that a loop has a directional 
effect high up in the air as well as along the ground. If the integration is taken over 
one vertical and one horizontal side, we have the electric intensity due to a bent antenna. 
The resulting equation is in the form 


Eo’ =(Ic/1o) ((A+B cos a)?-+(C+D cos a)2)? 
The cos a changes sign when the azimuth is 90° in such a way as to give a directive 


effect to the wave sent out from this antenna; the intensity being greatest for azimuth 
180° and least for azimuth 0°. 


76. A ballistic galvanometer as an integrating instrument. H. L. Curtis and 
C. Moon, Bureau of Standards.—The formula for the capacitance when using Max- 
well’s absolute bridge is derived assuming that the time integral of the current through 
the galvanometer is zero. This paper shows the conditions which must be fulfilled by 
a galvanometer in order that it will correctly integrate the current. With all integrating 
galvanometers the torque produced by the current through the coil shall at every instant 
be proportional to this current. This will be the case only if the coil is non-magnetic 
and if the current through the coil does not affect the field of the permanent magnet. 
This last condition can be experimentally realized by finding the position of the coil 
where the reversal of the applied electromotive force does not change the galvanometer ' 
reading. A second requirement applies only to conditions similar to those in a Maxwell 
bridge. These conditions are such that the curve of motion of the galvanometer coil 
as a function of time is a series of parabolas. In order that the time integral of current 
shall be zero, the time integral of deflection must also be zero. This requires that the 
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excursions shall be on both sides of the galvanometer zero, but not an equal amount on 
the two sides. The ratio on the two sides is as two to one. 


77. Magnetostriction in permalloy. L. W. McKEEHAN and P. P. Ciorrt, Bell 
Telephone Laboratories, Inc.—The specimens examined were well-annealed 1 mm 
wires, 40 cm long, of iron, nickel, and permalloys containing from 46 to 89 percent nickel. 
Changes in the magnetization were measured ballistically. Changes in the length of part 
of the specimen were multiplied two million times by a mechanical lever, an optical 
lever, a multiple slit, a photo-electric cell and a sensitive galvanometer. Measurements 
were made with or without tension. The rate of increase in magnetostriction with 
magnetization, at zero magnetization, was zero in all cases. Permalloys with less than 
81 percent nickel expanded, those with more than 81 percent nickel contracted when 
magnetized. Tension reduced the expansions and increased the contractions. The 
theory of atomic magnetostriction (Phys. Rev. 26, 274, (1925) ), explains the new results 
and suggests that orientation of the magnetic axes of iron and nickel atoms, precisely 
like that due to the application of magnetic fields, may be effected by mechanical 
stresses within the elastic limit. Changes in electrical resistance (Phys. Rev. 23, 114, 
(1924) ) support this view. 


78. Hall effect in mono-crystalline copper. P. I. WoLp, Union College.—The Hall 
effect has been measured in a single crystal of copper in the form of a rod 15 cm long 
and .55 cm in diameter. The crystal was cubic with an axis nearly coincident with the 
longitudinal axis of the rod. Transverse contacts were obtained by copper terminals 
spring pressed against the sides of the rod, the rod being placed in a holder which per- 
mitted rotation about the longitudinal axis. The Hall constant varied with rotation, 
but only by relatively small quantities which were irregular and apparently due to diff- 
culty in maintaining stable transverse contact. If the Hall constant parallel to an 
edge of the crystal cube is R; and that at right angles thereto is Re, the results are in 
agreement with the relation that in intermediate directions the resultant constant is 
R=R, cos? x+R: sin? x. In the case of a cubic crystal Ri; =R2. 


79. The effect of small amounts of silicon on the thermo-magnetic change point 
**A2” in mild steel. F.C. Farnuam, New York University (Introduced by H. H. 
Sheldon).—Tests have been made on samples of steel containing .25 percent carbon 
with varying silicon content .up to 3 percent. It is observed that for small amounts of 
silicon, up to about .5 percent, the point ‘‘A2”’ is lowered rather rapidly; for added 
amounts, up to about 2 percent, the lowering of ‘‘A2’’ is much less; and for amounts 
between 2 percent and 3 percent the rate of lowering of ‘‘A2”’ is again greater. From 
these results it is evident that the presence of the carbon greatly modifies the effect of 
‘silicon as observed in ferro-silicon alloys. 


80. Magnetic moments of the alkali metal atoms. Joun B. Tayior, University 
of Illinois, (introduced by W.H. Rodebush).—The results previously reported on sodium 
(Kansas City meeting) have been confirmed, showing that the neutral sodium atom 
possesses a moment closely equal to one Bohr magneton. Potassium has also been in- 
vestigated and shows, likewise, the single magneton value. 

The amounts of deflection or splitting of the atomic rays of sodium and potassium are 
related inversely as the temperatures of evaporation, in accord with the equations for 
the effect. Distinct images of the divided rays have been obtained. 


81. The Zeeman effect, the Stern-Gerlach experiment and the magneton. JAKOB 
Kunz, University of Ilinois—Landé and Sommerfeld have given a classification of the 
anomalous Zeeman effect, which makes it possible to determine the number of magnetons 
in an atom if the multiplicity, the ground term of the atom and the inner quantum 
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number are given. These numbers have been supplied to the writer by P. D. Foote for 
most of the elements. The number of ‘‘lines’’ to be expected in the Stern-Gerlach experi- 
ment, and the number of Bohr magnetons has been calculated. It has been shown more- 
over that especially for the rare earth elements the agreement between these calculations 
and recent measurements is satisfactory. 


82. Direct absolute measurement of acoustic impedance. G. W. STEWART, Uni- 
versity of lowa.—Advantage is taken of the author’s theory of the transmission in an 
acoustic line with an attached branch which alters the intensity and the pressure 
phase of the transmitted sound. By the measurement of the relative intensities and 
phases with and without the branch present, it is possible to obtain the components 
Z, and Z, of the impedance, Z =Z,+7Z2, of the branch. If S is the area of the conduit, 
Po and Po’ the two pressure amplitudes, ¢ the change in phase, p the density of the 
medium, a the velocity of sound therein, Z;=(pa/2S) [4/(A?+B?)] and Z:=(pa/2S) 
[B/(A2+B?)], wherein A =(Po/Po’) cos e-—1 and B=—(Po/Po) sin e. The method in- 
volves only the relative magnitudes of pressure amplitudes and the direct measurement of 
phase change, the knowledge of density and velocity being sufficiently accurate. In the 
present application the pressure ratio is determined by altering a comparison source, 
and the phase is measured directly. The method involves only one simple absolute 
measurement and is a strictly acoustic method somewhat analogous to methods of 
measurement long used in electricity. 


83. Effect of amplitude on the frequency of a tuning fork. CC. Moon and H. L. 
Curtis, Bureau of Standards.—There has been devised a method for the precise rating 
of a tuning fork by comparison with a pendulum. A series of flashes of twice the fork 
frequency are obtained by means of slits in a pair of vanes carried by the prongs of the 
fork giving images on a moving film, formed by two concave mirrors, one attached to the 
pendulum and the other to the pendulum support. The frequency of the fork is com- 
puted from the trace on the film. An accuracy of five parts in a hundred thousand can 
be obtained from the record over a single second of time. Two 100 cycle forks, one of 
steel, the other of elinvar were studied. When vibrating freely showed nearly a linear 
increase in frequency with decreasing amplitude. The elinvar fork increased ten parts 
the steel fork three parts in a hundred thousand as the amplitude decreased from 1.0 mm 
to 0.25 mm. With either of the forks maintained at a constant amplitude by a vacuum 
tube drive, the frequency could be changed by a part in ten thousand by varying the 
condiions in the tube circuits. Hence there can be no proper discussion of the effect of 
amplitude on the frequency of a driven fork. 


84. Hysteresis due to the Ewing effect in the flexure of bars. G. H. KEULEGAN, 
Bureau of Standards, (introduced by L. J. Briggs)—Boltzmann’s theory of elastic 
time effects does not always account for the entire hysteresis observed in the deformation 
of an elastic body during a closed load cycle. The author, therefore, has made an 
attempt to formulate an additional theory of hysteresis which is independent of time 
effects and calls such hysteresis the ‘‘Ewing effect.” The basis of the theory is the 
assumption that the stress-strain curve of an elastic body, instead of being a straight 
line, consists of a symmetrical loop. The deductions from the theory as applied to the 
flexure of bars are as follows: (a) In the flexure of bars the energy lost owing to the 
“Ewing effect” varies with the third power of the maximum load of the load cycle and 
with the fourth power of the length of the bar. (b) The distribution of hysteresis is 
parabolic and is independent of the maximum load and of the length of the bar. Again, 
a general deduction from the theory is that the loss of energy per unit volume for a 
tensional stress range om is 1/380,,3. Experiments gave 6 =1.33 X10-* ergs cm per kg? 
for Armco iron; so that energy loss per cubic centimeter due to hysteresis is 26,000 ergs 
for a stress range of 3900 kgs per cm?. 
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85. The expansion of copper from absolute zero to the melting-point. Tuomas A. 
Witson and WHEELER P. Davey, General Electric Company.—Copper bars of rec- 
tangular cross-section, 3/8 inch on a side and approximately 30 cm long, were supported 
on powdered alumina in an alundum tube wound with a molybdenum heating coil 
lagged with a wrapping of asbestos 25 inches thick. The tube extended 2 inches beyond 
each end of the copper so minimizing end cooling. Two holes 3/8 inch square drilled 
through the tube and asbestos permitted reading the position of the ends of the copper 
with a horizontal cathetometer. The experiments were conducted in a hydrogen atmos- 
phere. The power through the heating coil was increased approximately 100 watts 
every 24 hours, at the end of which period a reading was made. At temperatures near the 
melting-point, readings were made quite frequently. Two experiments gave the linear 
expansion of copper per cm length from room temperature (27°C) to the melting-point 
as .0257 cm and .0264 cm. With data from Landolt-Bornstein, the calculated expansion 
from absolute zero to 27°C is .0034 cm per cm length, making the total expansion from 
absolute zero to the melting-point .029' cm per cm length. 


86. The expansion of crystals from absolute zero to the melting point. WHEELER P. 
DAVEY, General Electric Company.—In a face-centered cubic crystal each atom lies ina 
“‘pocket”’ formed by three adjacent atoms of a 1 1 1 plane (the slip plane) so that the 
four atoms form a tetrahedron. At 0°K the ‘atomic domains’”’ are assumed to be in 
contact. It seems plausible that, in such a crystal 12% percent of the tetrahedra must 
expand 4% percent along each edge before all the surface atoms can leave the solid. 
But at any instant 12! percent of the tetrahedra are 1.7 times the most probable size. 
A linear expansion of 2.6 percent from 0°K is therefore a prerequisite to melting for a 
face-centered cubic crystal. Added to this will be the expansion occurring while the 
atoms take up additional energy to overcome cohesion. Expansions calculated from the 
literature are Al 2.4 percent; Mg (having an analogous structure), 2.4 percent; Ag 
2.3 percent; Cu 2.4 percent; Ni 2.9 percent. These are probably all low because of 
extrapolations. Recent measurements of Cu (see previous abstract) indicate 2.9 per- 
cent. Body-centered cubic crystals require no expansion except what occurs while 
overcoming cohesion. Na and K become non-crystalline before melting. W expands 2 
percent corresponding to its high interatomic attraction. 


87. Thermal properties of butane, isobutane, propane, and ethane. Leo I. Dana, 
Linde Air Products Company, Buffalo, N. Y.—The investigation is intended to cover 
the thermal properties of these liquids in the saturation region over the range of pressures 
and temperatures required for the use of these gases as refrigerants. The latent heats of 
vaporization and the specific heats of the liquids of ethane and propane have been 
determined from —40°C to +30°C; of isobutane and butane from —13°C to +30°C. 
An aneroid calorimeter, enclosed by a vacuum jacket, operating adiabatically and thus 
avoiding heat leak corrections, was employed. The vapor pressures of the first three have 
been measured from one half atmosphere absolute to about 6 atm. abs. and the measure- 
ments are being extended to higher pressures. The liquid and vapor densities of the first 
three gases have been measured from 0°C to 60°C. New forms of cryostats have been 
constructed for the low temperature measurements. 


88. Thermal conductivity of lithium, sodium and lead to —250°C. Cuarves C. Bip- 
WELL, Cornell University—The bar method of Forbes was modified as follows. The 
metal rod, centered in a large test tube, was placed in a constant temperature bath and 
heated by a coil at the upper end. Air convection in the tube was stopped by cardboard 
disks through which the rod was threaded and which were spaced at short intervals 
along the rod. Temperature gradient was determined by thermojunctions spaced along 
the rod. Cooling curves were obtained on smaller lengths of the rod similarly mounted. 
With mean temperature not exceeding 15° above bath temperature accurate values of 
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k were obtained. Values for lead from — 250°C to +100°C taken to test the method 
agreed well with the best recorded values. Lithium shows a linear increase in k from 
0.15 at 0°C to 0.20 at —200°C, thereafter rising sharply to 1.00 at —246°C. Above 
0°C a minimum occurs at +40°C and an increase thereafter to 0.17 at +140°C. Sodium 
shows a linear increase from 0.28 at —40°C to 0.40 at —240°C. Above —40°C an 
increase occurs to 0.35 at 0°C and thereafter a decrease to 0.28 at + 65°C. The breaks 
in these lines correspond to breaks previously reported in electrical conductivity and 
thermo-electric power lines for these metals. | 


89. Thermal conductivity of metals at high temperatures. M. F. ANGELL, Uni- 
versity of Idaho.—This paper describes a continuation of former work with improved 
methods. The metal is heated electrically in the form of a long hollow cylinder. In the 
earlier experiments the heat flow was assumed to be radial at a point midway between 
ends, but in these experiments this assumption is made for the point of maximum 
temperature along the cylinder. The thermal conductivity is calculated from the 
temperature gradient along the radius at this point and from the energy transmitted. 
Complete curves of the thermal conductivity from 50°C to the melting point are given 
for copper, zinc and lead. For copper the thermal conductivity was found to be .92 
at 50°C, decreasing very slowly to .90 at 500°C, then more rapidly to .8 at 1000°C. The 
conductivity of zinc decreases from .265 at 50°C to .215 at 400°C. The conductivity of 
lead decreases from .082 at 50°C. 


90. The ratio of heat losses by conduction and by evaporation from any water 
surface. I. S. Bowen, California Institute of Technology.—From theoretical considera- 
tions it is shown that the process of evaporation and diffusion of water vapor from any 
water surface into the body of air above it is exactly similar to that of the conduction or 
“‘diffusion’’ of specific heat energy from the water surface into the same body of air. 
Due to this similarity it is possible to represent the ratio R of the heat loss by conduction 
to that by evaporation by the formula, R=.46(T.—Ta)P/(Puw—Pa)/60, where To 
and P, are the original temperature and vapor pressure of the air passing over the lake, 
and 7. and P, are the corresponding quantities for the layer of air in contact with the 
water surface. The substitution of R times the evaporation loss for the value of the 
conduction heat loss in the Cummings equation for evaporation makes it an exact 
equation for the determination of evaporation from any water surface in terms of the net 
radiant energy absorbed by the water and the heat stored in the water. 


91. Surface tension of sodium. F. E. PoINDEXTER, Washington University.—The | 
surface tension of sodium was determined in a high vacuum at a series of temperatures 
ranging from 105°C to 245°C. A modified flat drop method was used. The values taken 
from the best mean straight line through the experimental points gave the values of 
222 dynes per cm at 100°C and 211 at 250°C. This gives a temperature gradient of 
.072 dynes per degree. From the Eotvos relation yv?/? =k(To— T) we get upon differen- 
tiating with respect to T, v?/°dy/dT = —k, where y is the surface tension, v is the volume 
of a gram atom, TJ is the temperature and Jy and k are constants. Taking the density 
of sodium as .91 at 100°C, we find v=8.6. This together with the experimental value of 
.072 for dy/dT gives us k=.62. This is taken to mean that the molecules in liquid 
sodium are polyatomic, since the value of k for non-associated liquids is 2.2. 


92. Pressure distribution over airfoils at high speeds. L. J. Briccs and H. L. 
DRYDEN, Bureau of Standards.—The forces exerted on a body by an airstream of speed 
not greater than a few hundred feet per second depend on the airspeed, V, size of the 
body as given by a linear dimension, L, air density, p, and viscosity, u, in the manner 
described by the equation 

Force/(4p V?L*) = ¢(VLp/n). 
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At high speeds the influence of the compressibility of the air becomes appreciable and 
the force coefficient is a function of the ratio of the air speed to the speed of sound as 
well as of the Reynolds number, VLp/u. The variation of force coefficient with Reynolds 
number is small whereas the variation with speed ratio has been found by the authors, to- 
gether with G. F. Hull, to be large. The work now described gives a more extensive 
and systematic series of observations on airfoil sections of 1 inch chord including ob- 
servations of flow near the surface. The large changes in forces were found associated 
with a breaking away of the flow from the surface. The pressure distribution furnishes 
data to the propeller designer regarding the load distribution encountered at high speeds. 
The paper will be published as a Technical Report of the National Advisory Com- 
mittee for Aeronautics. 


93. Compensation of altimeters and altigraphs for air temperature. W.G. Brom- 
BACHER, Bureau of Standards.—The altitudes of aircraft are usually determined by an 
altimeter, which is an aneroid barometer calibrated to an altitude-pressure relation 
containing an arbitrary altitude-temperature assumption. For the accuracy required 
in aeronautics, altitudes should be determined by both pressure and temperature meas- 
urements. It is difficult to take account of the mean temperature term of the barometric 
formula mechanically in an instrument. The following new relation based on the sum- 
mer, winter, and yearly averages of observations of upper air temperatures at latitude 
40° in the United States is presented as a substitute. Up to 30,000 feet: dP/dt = Ap, (1) 
where P is the pressure and J the absolute temperature at the altitude h, and Aj, is a 
constant for any one altitude. Further, values of A, give values of K varying from 
0.0023 t6 0.0038in the following important relation for instrument work, A;/(Po—P) =K, 
(2) where Po equals 760 millimeters of mercury pressure. Altitudes according to rela- 
tions (1) and (2) can be indicated by using a temperature element (‘‘air temperature 
compensation’’) or a manually operated device to modify the multiplication of the 
mechanism (“ground temperature compensation”). The manually operated device 
modifies the multiplication according to an average value of K and the temperature dial 
is graduated in terms of ground level temperatures. 


04. The effect of a high temperature in disrupting ice. Howarp T. BARNEs, McGill 
University.—Our knowledge of the mode of transfer of heat across very steep tempera- 
ture gradients is practically nil. The author has been experimenting in this field by 
driving a powerful energy charge into solid ice cooled below the freezing point. An 
intense exothermic reaction is rapidly generated by burning a mass of aluminum and the 
temperature is raised in 5 to 8 seconds to 2500°C. The disruption of the ice below 0°C 
is observed. Ice is, in this way, converted into a high explosive, the atoms being driven 
out of the molecules without melting the ice. In large masses a slow explosion occurs 
which resembles the reaction of black powder set off at a low temperature rather than the 
sudden detonation of dynamite. Ordinary welding thermit has been used conveniently, 
since that material is not in itself explosive. Application of this method has been made 
practically, as it offers a powerful means for relieving ice accumulations. 
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Heat Transfer (see also Thermal Conductivity) 

Between two coaxial cylinders, S. R. Parsons— 
27, 519(A), 788 
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Heat Transfer—(Con’d) 

By conduction and evaporation from water sur- 
face, I. S. Bowen—27, 820(A), 779 
Hydrogenation 

Of ethylene by excited Hg, A. R. Olson, C. H. 
Meyers—27, 807(A) 


Ice 
Disruption by high temperatures, H. T. Barnes— 
27, 821(A) 
Inductance 
Of helix made with wire of any section, C. Snow— 
27, 815(A) 
Intensity in Spectra (see also Spectra) 
Calculations based on matrix dynamics, 
Hoyt—27, 805(A) 
Distribution in band systems, theory, E. Condon— 
27, 640(A) 
Hg lines, voltage relations, D. R. White and H. W. 
Webb—27, 243(A) 
Test of correspondence principle, R. C. Tolman and 
R. M. Badger—27, 383 
Interference of Radiation 
By multiple reflections, visibility phenomena, L. 
Gilchrist—27, 596 
From equally spaced parallel planes, T. H. Gron- 
wall—27, 277 
In spectrometer with white light, H. M. Reese and 
L. E. Pinney—27, 247(A) 
Of single light quantum, A. J. Dempster—27, 804(A) 
Ionization by Electron Impact (see also Po- 
tentials, Critical) 
Analysis of ions formed 
In Ho, H. D. Smyth and C.J. Brasefield—27, 
514(A) 
In Oo, T. R. Hogness, E. G. Lunn—27, 642(A), 732 
Probability as function of potential 
in A, He He, HCl, Hg, Nz, Ne, K. T. Compton, 
C. C. Van Voorhis—27, 516(A), 724 
Ionization by Positive Ion Impact 
In Hz, negative results, critique, W. J. Hooper— 
27, 109(A) 
Ionization, Natural (see also Penetrating Radia- 
tion) 
At altitudes 5 to 15.5 km, R. A. Millikan, I. S. 
Bowen—27, 353 
In air, Ne, O2, COz, to 75 atm., J. W. Broxon— 
27,542 
In air, He, He, A, Oo, Ne, COs, Ce, Ha, low pressures, 
W. W. Merrymon—27, 659 
On mountain peaks and in airplanes, R. A. Millikan, 
R. M. Otis—27, 645 
Ions (see also Mobility; Positive Ions; Thermi- 
onic Emission) 


em. Cs. 


837 


Formation of negatives in Hg vapor, W. M. Nielsen 
—27, 807(A), 716 

Passage of protons and charged H:2 molecules 
through gases, A. J. Dempster—27, 108(A), 
514(A) 

Passage through small orifice in charged plate, L 
Tonks, H. M. Mott-Smith, Jr., and I. Lang- 
muir—27, 514(A) 

Positive ray analysis of ions in a discharge in Hp, 
H. D. Smyth, C. J. Brasefield—27, 514(A) 732 

Positive ray analysis of ions in a discharge in Ons, 
T. R. Hogness, E. G. Lunn—27, 642(A) 732 
Isotopes 

Cl, meteoric and terrestrial, atomic weights, W. D. 
Harkins, S. B. Stone—27, 117(A) 

Mg, Ni, K from infra-red band spectra, E. K. Plyler 
—27, 801(A) 


Ka Doublets 
Separation irregularities, 
20 yet 


theory, D. M. Bose— 


Light Quanta (see Quantum) 
Luminescence 

Of active nitrogen, R. Rudy—27, 110(A) 

Of Grignard compounds in magnetic and electric 
fields, R. T. Dufford, D. Digesale, | ah 
Gaddum—27, 247(A) 

Transformation spectra, 
Howes—27, 803(A) 
Magnetic Properties 

Atomic rays of alkali metals, moments, J. B. Taylor 
—27, 248(A) 

Compounds of even and odd electron numbers, 
susceptibilities, E. H. Williams—27, 114(A) 
Evaporated Ni films, effect of deposition-tempera- 

ture, R. L. Edwards—27, 252(A) 

Magnetite, precipitated, hysteresis, 
O. Baudisch—27, 511(A) 

Mild steel, thermo-magnetic change point, effect 
of Si admixture, F. C. Farnham—27, 817(A) 

Permalloy, magnetostriction, L. W. McKeehan, 
P. P. Cioffi—27, 817(A) 

Rare-earth oxides, susceptibilities, E. H. Williams 
—27, 484 

Sheet steel, permeability, temperature coefficient, 
T. Spooner—27, 115(A) 

Silicon steel, complex magnetization, E. Peterson— 
Riga 
Magnetization 

By rotary fields, Fisher’s experiments, S. J. Barnett 
—27, 115(A) 

Of silicon steel by two simultaneous sinusoidal fieds, 
E. Peterson—27, 318 
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Magnetostriction (see Magnetic Properties) 
Melde’s Experiment 


Nodal location, G. W. Stewart—27, 253(A) 
Rotation of pulley, A. T. Jones—27, 622 


Melting Data 
Alkali metals under high pressure, P. W. Bridgman 
—27, 68 
Metastable Atoms (see also Activated Gases) 
Increase of metastable atoms in Hg with accelerating 
voltage, H. A. Messenger and H. W. Webb— 
27, 807(A) 
Michelson-Morley Experiment 
At Mount Wilson in February, 1926, D. C. Miller— 
27, 812(A) 
Mobility 
Of electrons in Hz and He, H. B. Wahlin—27, 588 
Of ions in corona discharge, W. M. Young—27, 
110(A) 
Of ions in HCl, L. B. Loeb—27, 642(A) 
Of ions in H.O and HS relation to molecular 
structure, L. B. Loeb, A. M. Cravath—27, 811 
(A) 
Of ions, theory, A. P. Alexeievsky—27, 811(A) 
Molecular Beam 
Production and measurement, T. H. Johnson—27, 
519(A) 
Molecular Structure, (see also Dissociation, 
Specific Heat, Spectra) 
Energy states and moments of inertia 
CN, CaH, Noe, Net, law of force and size, R. T. 
Birge—27, 107(A) 
CO, COt, R. T. Birge—27, 255(A) 
He, from band spectra, H. C. Urey—27, 800(A) 
H2* vibrational model, H. C. Urey—27, 216, 800(A) 
Method of calculation, R. T. Birge—27, 245(A) 
Of emitter of Swan bands, J. D. Shea, R. T. Birge— 
27, 245(A) 
Relation to atomic energy levels, R. T. Birge—27, 
255(A) 
Theory, R. S. Mulliken—27, 513(A) 
Molecular weight 
Br vapor, L. Pauling—27, 181 
Valence 
Magnetic theory, E. H. Williams—27, 114(A) 
Optical Constants 
Of Bi, single crystal, L. H. Rowse—27, 247(A) 
Of Hg, B. O’Brien—27, 93 
Of molybdenite in ultra-violet, A. W. Meyer—27, 
247(A) 


pp Groups (see Spectra) 
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Penetrating Radiation (see also Cosmic Rays; 
Ionization, Natural) 

Absorption coefficient, R. A. Millikan, I. S. Bowen 

—27, 353; R. A. Millikan, R. M. Otis—27, 645 
Suggested sources 

Collisions between electrons and protons, A. L. 
Hughes, G. E. M. Jauncey—27, 509(A) 

Formation of He from H, G. E. M. Jauncey, 
A. L. Hughes—27, 509(A) - 

Rutherford’s neutron, E. Condon—27, 644(A) 
Permeability (see Magnetic Properties) 
Phonic Wheel 

Application to surface tension measurements, S. G. 
Subramanyam—27, 632 


Photo-chemical Action 
Coloring of glass in ultra-violet light, C. L. Cross— 
27, 108(A) 
Photo-electric Cells 
Application to amplify galvanometer deflection, 
F. E. Null—27, 114(A) ; 
Potassium, characteristics, V. M. Albers—27, 113(A) 


Photo-electric Effect 

Cs, K vapors; A, Ne, F. L. Mohler—27, 515(A) 

Cs vapor, absorption, probabilities, F. L. Mohler, 
P. D. Foote, R. L. Chenault—27, 37 

Hg, threshold, W. B. Hales—27, 809(A) 

Inverse, in Fe, O. Stuhlman, Jr.—27, 799(A) 

Oxide coated filament, S, W. H. Crew—27, 810(A) 

Relation to transition probabilities, E. O. Lawrence 
—27, 555 
Photographic sensitivity 

To low speed electrons, K. Cole—27, 809(A) 
Photo-ionization (see also Photo-electric effect) 

Of Cs vapor, absorption probabilities, F. L. Mohler, 
P. D. Foote, R. L. Chenault—27, 37 

Of Cs, K vapors, A, Ne, F. L. Mohler—27, 515(A) 
Piezo-electricity 

Quartz oscillator coated with metallic films, E. O. 
Hulburt—27, 814(A) 

Sodium bromate, J. Valasek—27, 254(A) 


Planck’s Constant 
Ratio to charge on electron, E. O. Lawrence—27, 
809(A) 
Pliotrons 
Shielded grid, 
113(A), 439 
Shielded-grid, characteristics, A. W. Hull, N. H. 
Williams—27, 432 
Polarization Capacity 
Over wide frequency band, I. Wolff—27, 756 
Polarization-Electric (see Dielectric constant) 


A. W. Hull—27, 


amplification, 
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Polarization of Radiation 
Following electron impact in Na and Hg vapors, 

A. Ellett, P. D. Foote, F. L. Mohler—27, 31 
From H atoms in electric field, K. L. Hertel—27, 

804(A) 

Of fluorescent light from colloid solutions, P. 
Froéhlich—27, 803(A) 

Positive Ions (See also Thermionic Emission 

of Positives) 

Concentration and temperature in arcs, L. Tonks, 
H. M. Mott-Smith, Jr., I. Langmuir—27, 
514(A) 

Impact in He, ionization potentials, W. J. Hooper 
—27, 109(A) 

Impact on metals, secondary electrons, W. J. 
Jackson—27, 809(A) 

In discharge in He, analysis, H. D. Smyth, C. J. 
Brasefield—27, 514(A) 

Passage through gases, A. J. Dempster—27, 108(A), 
514(A) 

Potentials Critical 

Of electron impact 

In Cs, K vapors, A, Ne, F. L. Mohler—27, 515(A) 

In Ga, In vapors, C. W. Jarvis—27, 248(A) 

In He, No, on Fe catalyst, G. Kistiakowsky—27, 808 

In He, from band spectra, E. E. Witmer—27, 513(A) 

In He, and double impacts, G. Glockler—27, 423 

In Hg vapor, C. W. Jarvis—27, 808(A) 

In Hg vapor, precision method, E. O. Lawrence— 
27, 515(A), 809(A) 

In Hg vapor, spectroscopic examination, D. R. 
White, H. W. Webb—27, 243(A) 

In Ne, Oo, Fe, Cle, stripped atoms, I. S. Bowen, 
R. A. Millikan—27, 144 

On Fe surface, secondary emission, H. E. Farns- 
worth—27, 243(A), 413 

Relation to radius of atom, A. S. Eve—27, 515(A) 

Of positive ion impact 

In He, negative results, critique, W. J. Hooper—27, 
109(A) 

Proceedings of American Physical Society 
Chicago Meeting, November 27-28, 1925—27, 101 
Kansas City Meeting, Decembef 28-30, 1925— 

27, 240 
Montreal Meeting, February 26-27, 1926—27, 507 
Stanford Meeting, March 6, 1926—27, 637 
Washington Meeting, April 23-24, 1926—27, 794 

Protons 
Passage through gases, A. J. Dempster—27, 108(A), 

514(A) 


Quantization in Space 
Of alkali metal atoms, J. B. Taylor—27, 248(A), 
817(A) 
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Of He, O2, test, B. B. Weatherby, A. Wolf—27, 
252(A), 769 
Quantum 


Cross-sectional area, R. J. Piersol—27, 509(A) 

Interference of single quantum, A. J. Dempster—27, 
804(A) 
Quantum Numbers 

Half integral, in MgH bands, W. W. Watson—27, 
801(A) 

Relation to transition probabilities, F. C. Hoyt—28, 
105(A) 
Quantum Theory 

Application to luminosity of nebulae, H. Zanstra— 
27, 644(A) 

Matrix dynamics, application to intensities, F. C. 
Hoyt—27, 805(A) 

Of dielectric constants, L. Pauling—27, 568 

Of Doppler effect, G. E. M. Jauncey—27, 637(A) 

Relation to Maxwell-Lorentz equations, N. Rashev- 
sky—27, 105(A) 


Radiation (See also Polarization, Penetrating 
Radiation) 

Black-body, relation to fluorescence, E. H. Kénnard 
—27, 803(A) 

Duration, in H2 under 10.2 v electron impact, F. G. 
Slack, Harold W. Webb—27, 244(A) 

Electromagnetic theory, L. V. King—27, 804(A) 

From collisions between protons and electrons, 
theory, A. L. Hughes, G. E. M. Jauncey—27, 
509(A) 

From formation of He from H, G. E. M. Jauncey 
and A. L. Hughes—27, 509(A) 

From H in electric field, K. L. Hertel—27, 804(A) 

From mass annihilation, A. S. Eve—27, 517(A) 

Of energy, theory, H. Bateman—27, 606 

Reflection from equally spaced planes, theory, 
T. H. Gronwall—27, 277 

Thermal, from bismuth in magnetic field, C. W. 
Heaps—27, 764 

Time between excitation and emission of fluores- 
cence, L. G. Hoxton, J. W. Beams—27, 245(A) 

Time interval for appearance of spectrum lines, 
J. W. Beams—27, 244(A) 


Radioactivity 
Gamma-rays of Ra, scattering and absorption, 
H. M. Cave and J. A. Gray—27, 103(A) 
Geiger counting chambers, mechanism, C. W. 
Hewlett—27, 111(A) 
RaD, beta-ray spectrum, L. F. Curtiss—27, 257 
Rak, decay, L. F. Curtiss—27, 672 
Rayleigh Disk 
Anomalous action, C. H. Skinner—27, 117(A), 346 
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Rayleigh Disk—(Con’d) 

Application to measure air velocity, C. N. Wall— 
2752534) 
Rectifier 

Contact, new type, L. O. Grondahl—27, 813(A) 
Refractive Index 

Of He, changes in glow discharge, W. H. McCurdy, 
A. Bramley—27, 314 
Relativity 

And radiation, A. S. Eve—27, 517(A) 

Ether-drift experiments, Mount Wilson, February 
1926, D. C. Miller—27, 812(A) 

Mass constancy, J. A. Eldridge—27, 254(A) 

Practical importance, J. A. Eldridge—27, 117(A) 
Residual Ionization (see Ionization, Natural) 
Resonance Potentials (see Potentials, Critical) 
Reverberation (see Acoustics) 

Screening Constant 

Approximation, D. T. Wilber—27, 513(A) 
Settling of Small Particles 

Transient state, W. Weaver—27, 499 
Shot Effect 

By impact ionization in A, A. W. Hull, N. H. 
Williams—27, 111(A) 

In aperiodic circuits, electronic charge, 
Williams, H. B. Vincent—27, 810(A) 
Solid Solutions 

Nickel-chromium, F. C. Blake, A. E. Focke—27, 
798(A) 

Sounder, Acoustic 

Performance on Australian crulse of U. S. fleet, L. 
P. Delsasso—27, 643(A) 

Space Charge 

Between coaxial cylinders, gas present, W. H. 
McCurdy—27, 157 

Relation to work function, J. Slepian—27, 112(A) 
Specific Heat 

On Hp, calculation from band spectra, G. H. Dieke 

—27, 639(A) 

Spectra, Absorption 

Al, Ga, In, Tl vapors, ultra-violet, J. G. Frayne, 
A. W. Smith—27, 246(A) 

Bi, Cr, Cu, Te vapors, R. V. Zumstein—27, 562 
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Brucite and some sulphates, isotopic effects, E. K. © 


Plyler—27, 801 

HCl, at 3.5u, intensity, D. G. Bourgin, E. C. Kemble 
—27, 802(A) 

Iodine vapor, F. W. Loomis—27, 802 

Mn vapor, R. V. Zumstein—27, 106(A) 

Nitric oxide, H. Sponer, J. J. Hopfield—27, 640(A) 

Organic liquids, infra-red bands, J. W. Ellis—27, 
245(A), 298 

Organic liquids, effect of halogens, J. W. Ellis—27, 
639(A) 
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Sn vapor, ultra-violet, R. V. Zumstein—27, 150 

“True half-breadth’”’ of absorption lines, T. M. 
Dahm—27, 246(A) 
Spectra, Band (see also Molecular Structure) 

Acetylene, methane, ethylene, F. C. McDonald—27, 
246(A) 

Active nitrogen, R. Rudy—27, 110(A) 

AlO, quantum analysis (5200-4650), 
Pomeroy, R. T. Birge—27, 107(A) 

AlO, 4842, fine structure, W. C. Pomeroy—27, 
640(A) 

H2, continuous, W. H. Crew, E. O. Hulburt—27, 
800(A) 

H2, ultraviolet, interpretation, E. E. Witmer—27, 
513(A) 

He, applied to specific heat, G. H. Dieke—27, 
639(A) 

HCl, at 3.5u, intensity, D. G. Bourgin, E. C. Kemble 
—27, 802(A) 

I,, resonance spectrum, E. C. Kemble, E. E. Witmer 
—27, 802(A) 

I, fluorescence and absorption, F. W. Loomis—27, 
802(A) 

I,, H. F. Fruth, O. S. Duffendack—27, 248(A) 

Intensity distribution, theory ,E. Condon—27, 
640(A) 

MgH, quantum analysis, W. W. Watson—27, 801(A) 

No, ultra-violet, analysis, J. J. Hopfield—27, 801(A) 

NO», H. Sponer, J. J. Hopfield—27, 640(A) 

O,*, 2000-2300, V. M. Ellsworth, J. J. Hopfield— 
27, 639(A) 

OH, 3064, combination relation, W. W. Watson— 
27, 246(A) 

Organic liquids, infra-red, J. W. Ellis—27, 245(A), 
298 

Organic liquids, effect of halogens, J. W. Ellis—27, 
639(A) 

Sodium hydride, P, Q, R combinations, 
Johnson—27, 800(A) 

Structure, theory, R. S. Mulliken—27, 513(A) 

Swan bands, molecular constants of emitter, J. D. 
Shea, R. T. Birge—27, 245(A) 

Zeeman effect, theory, E. C. Kemble—27, 799(A) 
Spectra, line ' 

Argon, F. A. Saunders—27, 799(A) 

Al, \41250-500A, I. S. Bowen, R. A. Millikan—27, 
144 

Beryllium, R. F. Paton, W. H. Sanders—27, 106(A) 

Br, Cl, I, in Schumann region, L. A. Turner—27, 
397 

Cd, Zn, Mg, H, time of appearance, J. W. Beams— 
27, 244(A) 

Cd, Zn, time of appearance, J. W. Beams—27,805(A) 
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Spectra, Line—(Con’t.) 


Cd, wave-length standard, G. S. Monk—27, 
107(A) 

Cu, term values, Zeeman effects, A. G. Shenstone 
—27, 511(A) 


F, Zeeman, effect, G. H. Carragan—27, 106(A) 

Fe, ultra and extra-ultra-violet, O. Stuhlman, Jr.,— 
27, 799(A) 

H, Balmer lines, fine structure, W. V. Houston—27, 
244(A) 

Hg, voltage-intensity relation, D. R. White, H. W. 
Webb—27, 243(A) 

I, H. F. Fruth, O. S. Duffendack—27, 248(A) 

Intensities, calculated by matrix dynamics, F. C. 
Hoyt—27, 805(A) 

Interpretation of complex spectra, O. Laporte—27, 
512(A) 

Mixed gases, striated discharge, 
M. S. Home—27, 248(A), 709 

N, ultra-violet, J. J. Hopfield—27, 801(A) 

O(VI), O(V), extreme ultra-violet, I. S. Bowen, 
R. A. Millikan—27, 106(A), 144 

pb’ groups in O(V), I. S. Bowen, R. A. Millikan— 
27, 106(A), 144 

pp’ groups in elements S(I) to K(IV), J. J. Hopfield, 
G. H. Dieke—27, 638(A) 

pp’ groups, theory, R. A. Sawyer—27, 106(A) 

Screening constant, approximation, D. T. Wilber 
27, 513(A) 

Ti, extreme ultra-violet, R. C. Gibbs—27, 799(A) 
Spectra, Transformation 

Relation to fluorescence, E. L. Nichols, G. L. 
Howes—27, 803(A) 
Spectrograph (Vacuum) 

Technique, R. J. Lang, S. Smith—27, 108(A) 
Spectroscopy, Methods and Technique 

Greater dispersion in extreme ultra-violet, R. J. 
Lang, S. Smith—27, 108(A) 

Method for exciting spectra of certain metals, John 
K. Robertson—27, 511(A) 

Primary standard of wave-length, effect of type of 
source, G. S. Monk—27, 107(A) 

Standard wave-lengths in extreme ultra-violet, 
S. Smith, R. J. Lang—27, 512(A) 
Standard Cells 

Temperature coefficients and ageing corrections, 
H. E. Reilley, A. N. Shaw—27, 517(A) 
Stark Effect 

In H, effect of an electric field on the radiation from 
hydrogen atoms, K. L. Hertel—27, 804(A) 

Method of measuring relative intensities of com- 
ponents, J. S. Foster, M. L. Chalk—27, 512(A) 

Patterns in He, J. S. Foster, H. B. Hachey, W. 
Rowles—27, 512(A) 


D. A. Keys, 
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Surface Tension 

H,0 by stroboscopic method, S. G. Subramanyam 
—27, 632 

Na, F. E. Poindexter—27, 820(A) 
Thermal Conductivity 

Li, Na, Pb to —250°C, C. C. Bidwell—27, 819(A) 

Metals at high temperatures, M. F. Angell—27, 820 
(A) 
Thermal Expansion 

Crystals from absolute zero to melting point, W. P. 
Davey—27, 819(A), 

Cu from absolute zero to melting point, T. A. Wil- 
son, W. P. Davey—27, 819(A), 

Silica, fused, W. Souder, P. Hidnert—27, 253(A) 

W. P. Hidnert, W. T. Sweeney—27, 519(A) 
Thermionic emission of electrons (See also 

Shot effect) 

From Cs adsorbed on W and oxidized W, J. A. 
Becker—27, 112(A), 811(A) 

From W in vapors of Rb, K, T. J. Killian—27, 578 

From W, velocity distribution in vacuum and Hg, 
C. Del Rosario—27, 810(A) 

Relation to transition probabilities, E. O. Lawrence 
Zi, O55 

Thermodynamical theory, N. Rashevsky—27, 254 
(A), 810(A) 

Universal constant, P. W. Bridgman—27, 173 

Work function and space charge, J. Slepian—27, 
112(A) 
Thermionic Emission of Positives 

From new source, analysis, G. P. Harnwell, H. A. 
Barton—27, 514(A);  H. A.Barton, G. P. 
Harnwell, C. H. Kunsman—27, 739 

From W in Rb and K vapors, T. J. Killian—27, 578 

From W filaments, R. L. Kenworthy—27, 112(A) 

Mixture containing Fe, Al and Cs C. H. Kunsman 
—27, 249(A) 
Thermocouples 

Location of e.m.f., W. H. Rodebush—27, 250(A) 
Thermodynamics 

Of thermionic phenomena, 
254(A), 810(A) 
Thermo-Electric Effect 

Relation to Hall coefficient, 
252(A) 

Variations due to changes in crystallinity. L. J. 
Newman—27, 643(A) 
Thermomagnetic Change Point 

Effect of small amounts of silicon on ‘A2”’ in mild 
steel, F. C. Farnham—27, 817(A) 
Thomson Effect 

In Bi, amomalies, M. O’Day—27, 643(A) 


N. Rashevsky—27, 


C. W. Heaps—27, 
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Transition Probabilities 

In. Cs*vapor; F. L. Mohler, ‘FP. DisFootesRenke 
Chenault—27, 37 

Relation to principal quantum numbers, 
Hoyt—27, 105(A) 

Relation to thermionic emission and photo-electric 
effect, E. O. Lawrence—27, 555 
Transmission of Sound (See Acoustics) 
Transmutation of Elements 

Hg to An, failure, H. H. Sheldon, R. S. Esty—27, 
515(A) 
Tuning Fork 

Effect of amplitude on frequency, C. Moon, H. L. 
Curtis—27, 818(A) 
Ultrasonic Beam 

Application to sound reflection measurements, 
R. W. Boyle, J. F. Lehmann—27, 518(A) 

Cavitation in the track, R. W. Boyle, G. B. Taylor 
—27, 518(A) 
Vacuum Gauge 

Application to locate beam of molecules, 
Johnson—27, 519(A) 
Vacuum Tube 

Application to produce short electromganetic waves 
A. Marcus—27, 250(A) 

Application to electrical measurements, S. L. Brown, 
M. Y. Colby—27, 250(A) 

Pliotrons, shielded grid, amplification, A. W. Hull 
—27, 439 

Pliotrons, shielded grid, characteristics, A. W. Hull, 
N. H. Williams—27, 113(A), 432 
Valence 

Magnetic theory, E. H. Williams—27, 114(A) 
Vapor Pressures 

K and Rb—T. J. Killian—27, 578 

Solid potassium amalgams, F. E. Poindexter—26, 
253(A) 

Solid sodium amalgams, 
115(A) 
Viscosity 

Of air, relation to humidity, J. C. Stearns—27, 
116(A) 
Visibility 

Interference by multiple reflections, L. Gilchrist 
—27, 596 
Voltage multiplier 

Electrostatic theory, A. W. Simon—27, 341 
Voltameter 

Sodium, R. C. Burt—27, 813(A) 
Wave Filters 

Acoustic, in solids, H. F. Olson—27, 116(A) 
Wave-length Standards 

Effect of type of source, G. S. Monk—27, 107(A) 


Pee: 


ids 


F, E. Poindexter—27, 


SUBJECT INDEX 


Wireless (See also Vacuum tube) 
Measurements and instruments 

Amplification with shielded-grid pliotrons, A. W. 
Hull—27, 113(A), 439 

Applications of vacuum tube multimeter, S. L. 
Brown, M. Y. Colby—27, 250(A) 

Piezo-electric quartx oscellators, E. O. Hulburt— 
27, 814(A) 

Resistance of coils, R. R. crt Se 250(A), 251 
(A) 

Resistance of condensers, C. D. Callis—27, 113(A); 
R. R. Ramsey—27, 114(A) 

Resistance of condensers, variation with dial setting, 
A. E. Maibauer, T. S. Taylor—27, 251(A) 
Standards of frequency, C. B. Jolie, G. Hazen— 

27, 815(A) 
Wave form, self capacity in coils, A. Astin—27, 
815(A) 
Wave-meter, W. W. Salisbury—27, 251(A); H. L. 
Dodge—27, 252(A) 
Reception 
Currents from loop antenna, theory, R. C. Colwell 
—27, 816(A) 
Transmission 
Fading, cooperative study, J. H. Dellinger, C. B. 
Jolliffe, T. Parkinson—27, 816(A) 
Over the earth, mechanism, A. H. Taylor, E. O. 
Hulburt—27, 189 
Work function (See also Thermionic emission) 
For Cs* from mixture containing Fe, Al, Cs, C. H. 
Kunsman—27, 249(A) 
Relation to space charge, J. Slepian—27, 112(A) 
X-rays 
Absorption 
Effect of chemical combination, W. B. Morehouse— 
27, 794(A) 
In Ag, effect of temperature, H. Ky Read—27, 
795(A) 
In Al, Cu, Fe, Ni, Ag, Pb, effect of temperature, 
H. S. Read—27, 373 
In C, paraffin, 16 metals, A456—.08A, S. J. M. Allen 
—27, 266 
Diffraction 
By grating, R. L. Doan, A. H. Compton—27, 104(A) 
By liquids, E. H. Collins—27, 242(A) 
By liquids, G. W. Stewart, R. M. Morrow, E. W. 
Skinner—27, 104(A) 
General Radiation 
Energy distribution, C. N. Wall—27, 104(A) 
Theory, M.S. Vallarta—27, 104(A) 


Polarization 
Of characteristic rays, J. B. Bishop—27, 797(A) 


SUBJECT INDEX 


X-Rays—(Con’'d.) 
Reflection 
From atomic planes of fluorite, relative intensities, 
D. A. MacInnes, T. Shedlovsky—27, 130 
From Cu, Ni, Al for soft x-rays, E. R. Laird—27, 
510(A) 
From equally spaced planes, theory, T. H. Gronwall 
—27, 277 
From equally spaced planes theory, L. Gilchrist— 
27, 508(A) 
From Na Cl, intensity, R. J. Havighurst—27, 
243(A) 
From Na Cl, solid and powdered, J. A. Bearden— 
27, 796(A) 
Refraction and dispersion 
By small particles, R. von Nardoff—27, 797(A) 
By total reflection, R. L. Doan—27, 796(A) 
In Al prism, B. Davis, C. M. Slack—27, 18 
neprismieroien). Cu, o, Ag, C, N. Davis, C. M. 
Slack—27, 796(A) 
Theory, R. de L. Kronig—27, 797(A) 
Scattering (see also Compton effect) 
{n C, H.O, Na, as function of A, P. Mertz—27, 795 
(A) 


X-ray Spectra 
Absorption edges 
K discontinuity, magnitude, F. K. Richtmyer— 
74 6 | 
K edge, Ca, five structure, G. A. Lindsay, G. D 
Van Dyke—27, 508(A) 
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K edge of Ag, precision study, F. K. Richtmyer, 
J. B. Bishop—27, 794(A) 
L edge of W, C. B. Crofutt—27, 243(A), 538 
Continuous 
Continuity at wave-lengths twice the short-wave 
limit, D. L. Webster—27, 638 
Energy distribution, C. N. Wall—27, 104(A) 
Theory, M.S. Vallarta—27, 104(A) 
Intensity and Visibility 
Formulas, L. Gilchrist—27, 508(A) 
Lines 
Ka doublet separation, irregularity theory, D. M. 
Base—27, 521 
Ka wave-length, by grating, R. L. Doan, A. H. 
Compton—27, 104(A) 
K series for Sn to Bi, J. M. Cork, B. R. Stephenson— 
—27, 103(A) 
K series Sn to Hf, J. M. Cork, B. R. Stephenson— 
DigOo0 
K series for Ta to Bi, B. R. Stephenson, JM, 
Cork—27, 138 
K-radiation series, origin from target of x-ray tube, 
M. Balderston—27, 696 


Zeeman Effect 

Calculations based on inner quantum numbers, 
J. Kunz—27, 817(A) 

Cu spectrum, A. G. Shenstone—27, 511(A) 

F spectru, G. H. Carragan—27, 106(A) 

Quantum theory for band lines, E. C. Kemble— 
27, 799(A) 
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ADVERTISEMENTS 1 


Vacuum Tube Oscillators 


In consequence of a licensing agreement the 
General Radio Company is now in a 
position to offer Vacuum tube os- 
cillators for laboratory use. 


Type 337 Low frequency oscillator—$400.00 
Range 50—60,000 cycles 


Bulletin 800P 


GENERAL RADIO COMPANY 
30 State Street 
CAMBRIDGE, MASS. 


GENERAL RADIO Co 
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INFORMATION FOR CONTRIBUTORS TO THE 
PHYSICAL REVIEW 


Purpose of the Review is to publish articles that add to our knowledge of experi- 
mental or theoretical physics. 

Articles which have not previously been published may be submitted by any physi- 
cist whether American or not. Each manuscript will be acknowledged by the Managing 
Editor as soon as received. An article to be considered must be in English and in a form 
ready for publication; it must be provided with a preliminary abstract prepared in ac- 
cordance with the directions given on a following page. Carelessly written articles and 
figures not carefully drawn will be returned for revision. All manuscripts should be typed 
double space and symbols written in with great care so as to be quite clear to the printer. 

Suggestions as to Content. On account of the high cost of printing, brevity is of 
great practical importance. Historical summaries of previous results and also discus- 
sions which consider various possible explanations without leading to definite conclusions, 
should be made very brief, except in special cases. The greater part of the paper should 
be devoted to the actual new results and to a concise presentation of the conclusions to 
which they lead. Attention should be directed to the more accurate and more conclusive 
experiments, omitting any which add nothing. The amount of detail included should be 
governed somewhat by the importance of the results and their interest to physicists. 

Suggestions as to form. Clearness is of great importance. Pains should be taken 
to insure that the order and form of presentation are such as to enable the reader to grasp 
the new information as easily and quickly as possible. In general the order should be: 
Statement of the problem and of the purpose, scope and general method of the investiga- 
tion, followed by a description of the apparatus, experiments and results in such order 
as to bring out clearly the evidence for the main conclusions, the paper ending with per- 
haps a brief discussion of the significance and bearing of the results on other problems. 
Avoid the historical or laboratory note-book style; use rather the text-book or lecture 
style. Footnotes should be numbered consecutively and each reference should contain 
author’s name. 

Abbreviations. Omit periods after such symbols for units as the following: cm, mm, 
kv, lb, A, °C; also after I, II, ... and percent, and after headings in columns in Tables. 
Write a.c., e.m.f., abscissas, disk, in vacuum, wave-length, x-rays, percent. Refer to 
figures as Fig. 1, Figs. 3 and 4; and to equations as: Eq. (5); Eqs. (7) and (8). Number 
equations on the right. 

Mathematics. Indicate division by a slant line where possible. Avoid unusual 
symbols, symbols with rules over them, cumbersome fractions. 

Figures or illustrations. Use only jet black ink, on white or on blue-lined cloth or 
paper. Tracing cloth is especially suitable. Curves plotted or traced on such cloth 
or paper may have co-ordinates ruled in black at desired intervals, say every centimeter 
or inch, as blue lines are not reproduced photographically. Colors other than blue and 
black should be avoided. Indicate observed points on all plots. Arrange material in each 
figure compactly. It is well when possible, to make the longer dimension horizontal, 
as larger reproduction can then be permitted; if vertical figures are necessary, space 
may be saved by making two of the same height, and putting them side by side. All 
lettering should be at least =%,'’ high for an 8'’X10”’ figure, so as to be legible after re- 
duction. Lettering left in pencil will be inked in by a draftsman in this office. In general 
each figure and table should have a caption, describing it briefly. Reduce the number 
of tables and figures to the necessary minimum. 

Proofs. Galley proof of each article is sent directly from the publishers to the author 
and should be corrected with great care so as to eliminate all errors, as page proof cannot 
always be submitted. Only necessary changes should be made; extensive additions will 
mean the delay of a month in publication. All corrected proof should be sent promptly 
with the manuscript to the Physical Review, 1500 University Ave. S. E., University 
of Minnesota, Minneapolis. . 

Permission to republish any article is given, if proper acknowledgment is made. 

Reprints ordered on the proper form with the return of the galley proof, will be 
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CAMBRIDGE INSTRUMENTS 


MOLL VACUUM THERMO-ELEMENT 


ViClL Thermopiles of standard pattern, conspicous for 

their rapidity of action and high sensitivity, have been 
supplied by Cambridge for several years. It has been well 
known that a similar Thermopile placed in a vacuum has its 
sensitivity increased considerably, but this type of Vacuum 
Thermopile as previously constructed has not given the results 
expected owing to the great heat capacity of the thermo- 
elements. 

We are now in position to furnish the Vacuum Thermo-element illus- 
trated above as designed by Drs. Moll & Burger. This instrument makes 
use of extremely thin strips of manganin and constantan brazed together and 
mounted in a vacuum. The strip is less than .oor mm. thick at the junction 
of the two alloys and the Thermo-element is mounted upon platinum wires 
fused into a glass compartment which is exhausted to a high degree of 
vacuity. The glass is enclosed in a metal case, having double walls insu- 
lated from each other. 


This Vacuum Thermo-Element is particularly suitable for spectrum work. 
It has high sensitivity, and is extremely rapid in action, the position of 
equilibrium being obtained within three seconds of the time of throwing the 
radiation on the Thermo-element. 


We would be pleased to send further information upon request. 


ALSO 
Temperature ALSO 
Measuring & A. C. 
Controlling 2 Electrical 


bien O Instruments 
Engineering i } hy . Physiological 
Instruments ] N Ss R U MENT. G 3 INC Instruments 
D.C. r Special 
Electrical MAIN OFFICE AND FACTORY | SALES OFFICE & SHOWROOM Ndsivuaients 


t INCORPORATING : 
I OSSINING-ON-HUDSON GRAND CENTRAL TERMINAL 
eo NEW YORK ICHAS-F. HINDLE | NEW YORK CITY 
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4 ADVERTISEMENTS 


Superior Designs of Physical Apparatus 
FOR ADVANCED CLASSES 


Our Technical Staff has given most careful attention to designs of 
instruments of high accuracy for Advanced and University Classes. 
Welch Designs are Unqualifiedly Guaranteed 
The apparatus illustrated below are examples of the many instruments 
of this type that we manufacture. 


570 ROTATIONAL INERTIA APPARA- 1684 MECHANICAL EQUIVALENT OF 
TUS (Millikan). Ball bearing. With eyepieces HEAT APPARATUS (Wilson). Our new 
and electrically driven tuning fork..... $125.00 form applies force as a couple.......... $60.00 


2410 DYNAMO ANALYSIS APPARATUS 3254 TUNING FORK. Electrically Driven. 


fare ; Special adjustable mounting. May be _ sup- 
(Millikan & Mills). Strong, permanent mag- ported in any plane. Large fork 1x2% x 30 


nets, 10 degree divisions, positive action. .$36.00 cm.,+ 80) vi ops ‘Shwe eee $30.00 


For prices on quantities and a more complete listing of our Physical 
Apparatus, write for “Pamphlet of Physical Apparatus Selected from 
Catalog ‘G’” and, if you do not have our complete Catalog “G” be 
sure to ask for it. 

PACIFIC COAST DISTRIBUTORS 


Braun-Knecht-Heimann Company Braun Corporation 
576-584 Mission Street, San Francisco, Calif, 363 New High Street, Los Angeles, Calif. 
ELC 
A Sign of Quality A Mark of Service 
ELC 


W. M. Welch Scientific Company 


Scientific Department of the W. M. Welch Manufacturing Company 
1516 Orleans St., $3enisc Apparatus and School. Supplies Chicago, IIl., U.S.A. 
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PHYSICAL REVIEW 


PREPARATION OF PRELIMINARY ABSTRACTS 


An article will not be accepted for publication in THE PHysIcAL REVIEW unless the 
manuscript is accompanied by an adequate abstract for publication at the beginning of 
the article. This abstract is intended to aid the reader by furnishing an index and a 
brief summary of the contents of the article. Besides serving these purposes it should 
also be suitable for reproduction in abstract journals so as to make it unnecessary for 
the editors of these journals to have another abstract prepared. 


As an index it should be complete; all the subjects, major and minor, concerning 
which new information is presented, should each be given, with sufficient precision 
so that any reader can tell from the abstract whether the article contains anything of 
interest to him. The subject indexes of abstract journals are fundamental in reference 
work. These indexes are prepared exclusively from the abstracts and whatever is omitted 
from the abstracts cannot be included in the index and may thus be lost. The writer 
of an abstract should therefore feel himself under an important obligation to his scientific 
colleagues to make sure that the abstract is accurate and complete, at least as an index. 


As a summary the abstract should give briefly the conclusions of the article, important 
advances in experimental technique and theory, and all numerical results of general 
interest that may be conveniently given including all that might belong in a hand book 
and table of constants. It should give all the information that readers who are not 
specialists in the particular field involved might desire to know about the article thus 
saving them the time and trouble in referring to the article itself. Experience has shown 
that in general the length of the abstract should be from four to eight percent of the 
length of the article. 


THE PHysIcAL REvIEW 1923-1925 contains many examples of adequate abstracts. 
Most of these contain paragraph titles and subtitles which indicate the subjects con- 
cerning which new information is given and it is requested that authors include such 
subtitles when all the information contained in the article does not refer to the subject 
indicated by the title of the article. Such subtitles may be frequently avoided by re- 
wording the title so as to make it more precise. 
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“POINTOLITE” LAMPS 


available; while for A. C. circuits we have 


“Pointolite’’? Lamps produce an intense- 
ly brilliant white light from a very small 
source, and therefore are especially suited 
for use with microscopes, reflecting gal- 
vanometers, oscillographs and other optical 
instruments—as well as for photographic 
projection work. 

They require no more attention when in 
operation than an ordinary incandescent 
lamp. 5 

For’ Ds Cl rcircuits 


“Pointolite’ Lamps 


of 30, 100, 500 and 1000 candle power are - 


a LOOM pealamps 
The illustration represents a 100 c. p. 
direct current lamp with holder, reflector, 
etc., and a universal control box suitable 
for circuits of 100, 110, 200, 220 and 240 
volts. 
Write for Bulletin O-1100 


JAMES G. BIDDLE 


Scientific Instruments 
1211-13 Arch) St: PHILADELPHIA 


Why not keep posted 


It takes time. 


some leads 


which get 


It requires following up 


you nowhere. 


Never-the-less about once in five times you 


find something worth while. 


We believe 


that the cross section sample book will 


prove to be the one valuable follow-up. 


CORNELL CO-OPERATIVE SOCIETY 


BARNES HALL 


ITHACA, N. Y. 
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ADVERTISEMENTS 7 


Wire As Fine As You 
Want It 


E HAVE Platinum wire as fine as .00025 M/M (.oo001”). 

Palladium wire, Platinum 90%-Rhodium 10%, Gold 60%- 

Palladium 40%, Gold, Silver, Copper and Aluminum wires 
as fine as .0025 M/M (.o0001”). 


{| Wire so fine cannot be drawn bare. It can be made only by the 
Wollaston process. By this method, before drawing, the wire is 
covered with a jacket of another metal. This composite wire is then 
reduced to the possible limit of fineness. When put to practical use, 
the jacket is dissolved off, leaving the minute core. Directions for 
doing this are included with each shipment. 


{| We can supply bare-drawn wire as fine as .0175 M/M (.0007”). 


{| Consult us about your wire needs. Our experience and our skill 
are at your service. 


BAKER & CO., INC. 


54 Austin Street, Newark, N. J. 
30 CHURCH ST., NEW YORK 5 SO. WABASH AVE., CHICAGO 


JOURNAL OF SCIENTIFIC INSTRUMENTS 


(Published on the 15th day of each month.) 


PRODUGED BY THE INSTITUTE OF PHYSICS 
with the co-operation of the 


NATIONAL PHYSICAL LABORATORY 


Price, Single Copies 2s. 6d. 
Annual Subscription, 30s. including postage. 


Send Subscriptions to the 
Cambridge University Press, Fetter Lane, London, E. C. 4 


CONN Lo.Or APRIL ISSUE 


(Vol. III, No. 7) 
A Reliable Thermo-Converter. By W. J. H. Moll. 
Description of an Apparatus for the Determination of the Extinction Coefficients of Optical 
Glasses for Light in the Visible Spectrum. By W. D. Haigh. 
Some Applications of the A.C. Potentiometer. By T. Spooner. 
A Method for the Quantitative Measurement of Quick Changes in the Outflow of Liquids. 
By G. V. Anrep and A. CO. Downing. 
New Instruments: The Mutoschome. By OC. F. Smith. 
An Automatic Registering Chronometer for Recording Ship’s Motion. 
Test Room and Workshop Notes: 
An Optical Multiplier. By W. I. Place. 
Note on the Prevention of Flickering in the Flames of a Gas-Controlled Thermostat. 
i By Albert Grifiths. 
Another Optical Method for Increasing the Accuracy of Reading Angular 
Defiections. 
The Lubrication of Fine Mechanism. 
Notes from Scientific Journals: Correspondence: Reviews. 
Tabular Information on Scientific Instruments: VII. Variable Air Condensers. 


This Journal is devoted to the needs of workers in every branch of science and manufacture 

involving the necessity for accurate measurements. Its scope includes Physics and Chemis- 

try, Optics and Surveying, Meteorology, Electrical and Mechanical Engineering, Physiology 

and Medicine. 

With the October number a new volume began. Vols. I and II can be obtained complete, 
bound in cloth, for 35s. each. 
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An Interesting Booklet 
vailable 


Features Instruments for Capaci- 
tance and Inductance Measure- 
ments and Magnetic Testing 


This booklet (48 pages) is issued to list our standards of 
capacitance and inductance, together with instruments for 
making capacitance, inductance and magnetic measurements. 


In connection with some instruments, the method of using 
them is discussed, while in others, where the uses are very 
broad, the reader is referred to authoritative works, so that 
the book is both a source of information and a. guide to other 
sources. 


Write for Catalogue No. P-Io 


Galvanometers 
Potentiometers 
Bridges and Resistances 
Condensers and 


LEEDS & NORTHRUP COMPANY inductances 


4901 STENTON AVENUE, PHILADELPHIA ___ Testing Sets 
. Recording and Con- 
trolling Pyrometers 
Hump and Homo 
—— Electric Heat Treat. - 


al LEEDS & NORTHRUP |i 


Controiling 
Conductivity of 
Electrolytes and 

Hydrogen ton 
Concen- 
trations 
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ADVERTISEMENTS 9 


Every laboratory 
should be equipped with 
enough ot these 
test tubes 


OR many laboratory operations the 

use of Pyrex test tubes is not only 
desirable, but essential. Their resistance 
to heat and to sudden cooling, their high 
chemical stability, and their dependability 
under exacting conditions far more than 
justify a somewhat higher initial cost. 


Experienced chemists always keep on 
hand an adequate supply of Pyrex test 
tubes to meet such conditions. For they 
realize the wastefulness in time and effort 
of test tubes breaking during an impor- 
tant or delicate experiment. 


But even for every day, routine work, 
Pyrex test tubes are more satisfactory 
and dependable—eliminating the annoy- 
ance of constant glassware breakage. 


Pyrex test tubes are obtainable in 
standard shapes and sizes to meet differ- 
ent laboratory requirements. Like all 
Pyrex laboratory ware, they will still be 
giving service long after ordinary glass- 
ware has been replaced several times. 
Write for latest catalog. 


PYREX Industrial Equipment 


Wherever visibility or chemical stabil- 
ity is desirable—or where corrosion or 
heat resistance are factors, Pyrex is 
replacing metal installations in more 
and more industrial plants. 


The services of specially trained 
engineers are available without cost or 
obligation. Write for information. 


GUS. py CORNING GLASS WORKS 


< 

y \% Laboratory Glassware Division 
Corning, New York 

NEW YORK OFFICE: 501 FIFTH AVE. 


ara en ll Largest Makers of Technical 
Glassware in the World 


Every Pyrex test tube is identified 
by the PYREX trade mark 


Pyrex equipment for 
general laboratory use 


Beakers 

Flasks 

Test Tubes 
Combusion Tubes 
Condensers 
Funnels 

Graduates 
Graduated Cylinders 
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The McLeod Vacuum Gauge is a practical 
and scientifically accurate instrument for 
measuring vacuums from 200 microns to half 
a micron. Each gauge is calibrated and the 
scale marked directly in microns, making 
mathematical calculations unnecessary. 


This type of gauge is used extensively in the 
laboratories and factories of the General 
Electric Company and is now available for 
use elsewhere. 


The McLeod Gauge is furnished in either 
natural wood or mahogany finish. It can be 
purchased directly from the General Electric 
Company or from: 


Central Scientific Company, Chicago, Ill. 
James G. Biddle, Philadelphia, Pa, 
Arthur H. Thomas Co., Philadelphia, Pa, 
Fischer Scientific Co., Pittsburgh, Pa. 


GENERAL ELECTRIC 


GENERAL ELECTRIC COMPANY, SCHENECTADY, N. Y., SALES OFFICES IN ALL PRINCIPAL CITIES 
meen nrc rrr ee Sn 
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BECBRO 


Laboratory 
Rheostats 


Screw Adjustment Type 


“BECBRO” Rheostats carried in stock include numerous ratings. 

Included in the stock sizes are tubular types of length 20”; 16”; 8”; the resistance 
element being Wire or Ribbon. 

Each tube has a slider adjustment which varies the resistance by very:small steps from 
Zero to total value of the unit. 

The approximate total resistance of these stock rheostats vary from 0.3 ohm to 30,000 
ohms per unit, and have corresponding current capacities of 25 amperes down to 0.1 
ampere. 

Rheostats of more or less special construction include the Single Tube equipped with 
two rods and two sliders; Single and Double Tube equipped with Screw Adjustment (see 
cut); Double and Triple Tubes mounted as a Unit; Non-Inductive Wound Tubular and 
Stone Types. 

“BECBRO” Carbon Compression Rheostats with corresponding Normal Ratings of 
250; 1000; 1500; 3000 Watts. 


Write for Catalog P-20 


BECK BROS. 


3640-42 North Second Street Philadelphia, Pa. 


ELECTROMETERS 


GALVANOMETERS 
PYROMETERS 


RESISTANCE 
BOXES 


RHEOSTATS 


Complete Catalog Sent 
on Request 


PYROLECTRIC 
INSTRUMENT CO. 


Electrical Precision 
Instruments 


COMPTON QUADRANT 
ELECTROMETER EASTON, PA 
; ¥ 
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Portable Galvanometer, with molded Bakelite case, made by Leeds and Northrup Co. 


Bakelite often makes possible 
improved design 


This handsome, compact 
galvanometer was made 


practical from a manufac-- 


turing standpoint, through 
molding its several parts of 
Bakelite. 


The deep case is molded 
of Bakelite in one piece, 
with finished openings and 
holes, all ready for assem- 
bly. The Bakelite dial 
cover is molded to 
exact dimensions, 
and goes into po- 
sition without. re- 
quiring any fitting 
or adjusting. The 
thumb nuts for the 
binding posts are 


| BAKELITE 
SS MOLDE 


molded complete with milled 
edges and metal inserts. 


The case and all of the Bake- 
lite parts acquire a high 
lustre in the mold, and no 
additional buffing or finish- 
ing 1S necessary. 


To those chemical engi- 
neers who are interested in 
improving design or per- 
formance —or in effecting 
manufacturing econ- 
omies, we offer the 
cooperation of our 
engineers and labo- 
ratories. Write for 
a copy of our Booklet 
No. 12, “Bakelite 
Molded.” 


BAKELITE CORPORATION 
247 Park Ave., New York, N. Y., Chicago Office: 636 W. 22nd St. 


BAKELITE CORP. OF CANADA, LTD. 


ee’ 
REGISTERED 


manufactured by Bakelite Corporation. Under the capital “B” is the 


163 Dufferin St., Toronto, Ont. 


U. S. PAT. OFF. 


THE MATERIAL OF A THOUSAND USES 


“The registered Trade Mark and Symbol shown above may be used only on products made from materials 


numerical sign for infinity, or unlimited 


quantity. It symbolizes the infinite number of present and future uses of Bakelite Corporation's products.” 
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Western Electric 


Nos. 1-A and 2-A 
Audiometers 


Western Electric No. 2-A Audiometer 


These Audiometers enable physicians to measure the 
acuity and quality of hearing of their patients easily, 
quickly and accurately. They are to the Otologist 
what the perimeter is to the Ophthalmologist. 


The No. 1-A Audiometer provides the physician with 
twenty frequencies ranging in steps from 32 to 16,000 
double vibrations per second. 


The No. 2-A is portable and as accurate and quick in 
furnishing information as the No. 1-A but does not 
cover quite as wide a range. 


For further information write 


(5 CULE ELLE: | VMs R 


ELECT RLCG. COM DAN Y....lN.C. 


SUCCESSOR TO SUPPLY DEPARTMENT Western Electric 


Scientific Equipment Division 


9 East 41st Street Newevork, No Ys 
30 North Michigan Boulevard Cuicaco, ILL. 
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G-M Scientific Apparatus 


for 


Lecture Demonstration | 


Student, Research and Industrial Laboratories 


A Complete Line of Alkali Metal Hydride 
Photoelectric Cells and Photoelectric Equipment 


An Assortment of Discharge Tubes Designed 
to Illustrate Many of the Phenomena Characteristic 


of the Discharge of Electricity Through Gases 
High Vacuum Apparatus and Accessories 


Special Vacuum Stop-cocks 
Ground Glass Joints 
Electrode Press Seals 


High Frequency Oscillators and Wave Meters 
Glass-blowing Tools and Machinery 


WRITE FOR LIST NO. 2304 


The Development of Scientific Apparatus and 
Machinery Is Solicited 


THE G-M SCIENTIFIC INSTRUMENT COMPANY 
URBANA ; ILLINOIS 
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L1089a Measuring Stand 


L1087 Inertia Anreratue 


L1087. INERTIA APPARATUS: (Modified model, originally designed by Prof. Miller & 
Millikan). This apparatus consists of a polished brass disc 200mm dia, and 12mm thick, weigh- 
ing about 4 kilograms and equipped with the highest grade of ball bearings, thereby reducing 
the friction to minimum, The outer (stationary) ring of the ball bearings fits into a groove 
of an iron stand, which arrangement results in constant value of friction and the true and 
simple centering of the disc without the use of the adjusting screws. The disc is placed 
in such a position so as to permit the use of the radius of shaft as moment arm ag well as 
the radius of the disc. The electrically driven tuning fork (operating voltage: 2 to 4 volts) is 
automatically manipulated by the brake lever. By a mere release of the brake lever, the brake 
holding the disc in the stationary state is released simultaneously moving the fork in toward 
the disc for tracings to be made. ee tracings are made on a specially prepared sensitized paper 
disc, which give a beautiful pencil line replica of the sine curve as traced by the stylus. The 
paper disc is held in place with the use of specially prepared adhesive material. These records 
will not mar upon handling; they are permanent and may be kept for future reference. ...$130.00 


L1089a. The Graduated Measuring Plate consists of an aluminum disc carefully graduated to 
half degrees and fitted with a brass hub on which it can be easily rotated. The paper disc 
(removed from the above apparatus after the tracing has been made) is placed in the aluminum 
plate and held in place with a small quantity of adhesive material. A transparent strip of 
celluloid with a fine radial index line is placed over the disc and serves to make the readings 
Srp the tracings: and \ StACUATION <= Ny tara ance ae Ueride a Geile et dtc de bales) Cas gs 5) $30.00 


oC [be Na 
GAERTNER SCIENTIFIC CORPORATION 


SUCCESSOR TO WM. GAERTNER & CO., 


ESTABLISHED 1896 INCORPORATED 1923 


REG_U.S PAT. OFF. 


1201 WRIGHTWOOD AVENUE, CHICAGO 
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The First Lot of 


Blackwood’s Ballistic Pendulum 
Announced by Us Last June 
Has Been Exhausted 
A Second Lot Is Now Ready 


No. F1321 


This is the first simple laboratory apparatus offered for the 


study of conservation of momentum, and of energy, easily | 
grasped by most students, yet involving underlying theory <% ay a 
of a kind to intrigue the most capable workers. The design | 
as illustrated embodies features which will catch the stu- a. ne (Reaat 


dent’s attention and hold his interest. 


For acomplete description of the experiment using this ingenious 


and attractive apparatus, send for Cumulative Umt Experiment 
No. M-21P. 


Reprint of article by Dr. P. E. Klopsteg, “The Ballistic Pendu- 
lum” will be sent on request. Ask for Reprint J I8P. 
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